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Ixr1! is! a! protein! from! Saccharomyces+ cerevisiae! that! was! previously!
involved! in! the! response! to! hypoxia! and! oxidative! stress,! as! well! as! in! cisplatin!
resistance.! The! work! presented! here! allows! expanding! the! knowledge! regarding!
the! regulatory! mechanisms! by! which! Ixr1! participates! in! these! processes.!
Transcriptome! analyses! and! experiments! to! identify! the! position! and!
characteristics! of! Ixr1! binding! sites! along! the! genome! were! performed.! They!
showed! that! Ixr1! participates! in! the! regulation! of! sulphur! assimilation,! the!
metabolism!of!sulphur!compounds,!long!chain!amino!acids!and!in!diverse!steps!of!
ribosome!biogenesis.!The!implication!of!Ixr1!on!the!control!of!cellular!energetics!is!
a! crucial! factor! for! explaining! cellular! adaptation! to! oxygen! levels! or! cellular!
damage!produced!by!cisplatin.!Biochemical! characterization!of! Ixr1,!accompanied!
by! functional! analysis! of! different! domains! in! the! protein,! also! revealed! that! the!
binding!to!DNA!is!produced!through!its!tandem!HMGGbox!domains!in!a!sequential!













Ixr1! es! una! proteína! de! Saccharomyces+ cerevisiae! previamente!
relacionada! con! la! respuesta! a! hipoxia! y! ! a! estrés! oxidativo,! así! como! en! la!
resistencia! a! cisplatino.! El! trabajo! presentado! en! esta! Tesis! permite! ampliar! el!
conocimiento!de! los!mecanismos!de!regulación!mediante! los!cuales! Ixr1!participa!
en!estos!procesos.!Se!realizaron!experimentos!de!transcriptómica!y!localización!de!
los! sitios! de! unión! de! Ixr1! a! lo! largo! del! genoma! y! sus! características.! ! Los!
resultados!mostraron!que!Ixr1!participa!en!la!regulación!de!la!asimilación!de!azufre!




La! caracterización! bioquímica! de! Ixr1,! acompañada! de! análisis! funcionales! de!
distintos!motivos!de!la!proteína,!mostró!que!su!unión!al!ADN!se!produce!mediante!
los!HMGGbox!en!tándem,!según!un!modelo!secuencial!con!cooperatividad!positiva.!
Además,! las! regiones!que! flanquean!a! los!dominos!de!unión!a!ADN!presentan!un!














Ixr1! é! unha! proteína! de! Saccharomyces+ cerevisiae! anteriormente!
relacionada! coa! resposta! á! hipoxia! e! frente! ó! estrés! oxidativo,! así! como! na!
resistencia!a!cisplatino.!O!traballo!presentado!nesta!Tese!permite!ampliar!o!noso!
coñecemento! dos! mecanismos! de! regulación! polos! cales! Ixr1! participa! nestes!
procesos.! Experimentos! de! transcriptomica! e! localización! dos! sitios! de! unión! de!
Ixr1!ao! longo!do!xenoma!e!as! súas!características! foron!realizados.!Os! resultados!
mostraron! que! Ixr1! participa! na! regulación! da! asimilación! de! xofre! e! do!
metabolismo!de!compostos!que!conteñen!xofre,!!aminoácidos!de!cadea!longa!e!en!
varios! estadios! da! bioxénese! dos! ribosomas.! A! implicación! de! Ixr1! no! control! da!
enerxética!da!célula!é!indispensable!para!explicar!a!adaptación!da!célula!os!niveis!
de! osíxeno! ou! os! danos! por! cisplatino.! A! caracterización! bioquímica! de! Ixr1,!
acompañada!polo!análise!funcional!de!varios!motivos!proteicos,!mostrou!que!a!súa!
unión!ao!ADN!ocorre!a! través!dos! seus!dominios!HMGGbox,! seguindo!un!modelo!
secuencial! con! cooperatividade! positiva.! Ademais,! as! rexións! que! flanquean! os!
dominos! de! unión! ao! ADN! teñen! un! elevado! grao! de! desorde! estrutural! e!
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to! transcriptional! regulation! in! response! to! stress! signals! like!hypoxia!or!oxidants!!




Lombardero! et# al.,! 2012).! The! amino! acidic! composition! of! Ixr1! is! very! peculiar,!
with! large! stretches! of! poly! glutamine! sequences,! which! condition! disordered!
structures! and!promote! aggregation.! This! characteristic! composition! allows!us! to!
hypothesize! that! this! protein! is! prone! to! amyloid! and!prion! formation,! a!process!
closely!related!to!the!regulation!of!gene!expression.!!!!
1.-*HMG*proteins*
Nucleosomes! are! fairly! stable! components! of! DNA! packaging! that!
constitutes! the! basic! elements! of! chromatin.! Nevertheless,! the! nucleosomal!
chromatin! is!surrounded!by!a!highly!mobile!protein!crowd!that!dynamically!binds!
and! modulates! chromatin! structure! and! function.! The! high! mobility! of! nuclear!
proteins!guarantees!their!rapid!and!permanent!availability!at!diverse!nuclear!sites,!
including! chromatin.! Transient! binding,! interaction! and! competition! create! an!
overall! shifting! but! stable! network! that! regulates! replication,! DNA! repair,! gene!
transcription!and!chromatin!remodelling.!Among!the!crowd!that!constantly!moves!
around! and! associates! with! nucleosomal! chromatin! are! variants! of! the! linker!
histone!H1!family!(Lever!et#al.,!2000;!Misteli!et#al.,!2000;!Kasinsky!et#al.,!2001)!and!






The! highImobility! group! (HMG)! proteins! were! discovered! as! nuclear!
factors!more!than!40!years!ago!and!they!were!named!for!their!high!electrophoretic!
mobility!in!polyacrylamide!gels!(Goodwin!et#al.,!1973).!They!are!present!in!almost!
all! metazoans! and! plants.! Although! HMG! motifs! are! present! in! many! nuclear!
proteins,! the! classification!and!nomenclature!of! the! considered!“canonical”!HMG!
proteins! is! organized! in! 3! families! named! HMGA,! HMGB,! and! HMGN,! each! one!
having! a! specific! functional! motif;! the! “ATIhook”! in! HMGA,! the! “HMGIbox”! in!
HMGB! and! the! “nucleosomal! binding! domain”! in! HMGN! (Bustin,! 2001).! In! the!
nucleus,! they! act! as! nonIhistone! architectural! chromatinIproteins,! but! they! also!
have! other! regulatory! functions! upon! replication,! transcription! and! DNA! repair.!
Thus,!HMG!proteins!are!considered!as!architectural!elements!of!chromatin.!Recent!






action! of! ATP! dependent! chromatin! remodelling!machines! (Rattner!et# al.,! 2009).!
Some!HMG!proteins!have!been!related!to!extraInuclear!and!extracellular!functions!
during! inflammation,! cell! differentiation,! cell! migration,! and! tumor! metastasis!
(Hock,!2006).!!
All!HMG!proteins!are!characterized!to!share!a!common!modular!structure!
with! defined!DNA/chromatin! binding!motifs! flanked! by! positively! charged! amino!
acids!connected!to!a!highly!acidic! tail! that!are! involved! in! interactions!with!other!
proteins!and!regulate!HMGs!binding!affinity!(Catez!&!Hock,!2010).!Binding!of!HMGs!




sequence.! Nevertheless,! some! favorite! binding! sites,! described! for! each! HMG!
family,! compartmentalize! their! distribution! along! the! chromatin! fiber! (Catez! &!
Hock,! 2010).! However,! as! dynamically! binding! and! mobile! proteins,! all! HMG!
proteins!are!able!to!spread!along!the!DNA!fiber!outside!their!favorite!binding!sites.!
Whether!they!bind!to!restricted!highIaffinity!binding!sites!or!spread!out!among!the!
chromatin! is!most! likely! dependent! on! their! cellular! amounts.!HMG!proteins! are!






HMGIbox! domain! contains! 65I85! amino! acids! and! has! a! characteristic! LIshaped!
fold! formed!by!three!αIhelices!with!an!angle!of!≈80o!between!the!two!arms.!The!
long!arm!or!minor!wing!is!composed!by!the!extended!NIterminal!strand!and!third!
αIhelix,!while! first! and! second!αIhelix! form! the! short! arm,!or!major!wing! (Figure!
1a).!!
There!are! two!broad! subfamilies!of!HMGIbox!containing!proteins,!based!
on! structural! and! phylogenetic! studies.! One! class! includes! those! that! bind! to!
distorted!DNA!with!low!or!without!sequence!specificity!(Non#Sequence#Specificity,!
NSS,! HMGIbox! domains)! (Grosschedl! et# al.,! 1994;! Bustin! and! Reeves,! 1996)! and!
have,!in!general,!two!or!more!in!tandem!arranged!HMGIbox!domains.!Examples!of!
proteins! without! sequence! specificity! are! the! mammalian! HMGB1I4! and! UBF!
proteins,! HMGD! from!Drosophila! or! Nhp6! from! Saccharomyces# cerevisiae.! Their!
role!is!related!to!chromatin!modification,!participating!in!many!different!functions!
such!as!coIactivation!or!silencing!of!transcription!and!V(D)J!junction!recombination.!




al.,! 1994;! Bustin! and! Reeves,! 1996)! and! they! usually! contain! a! single! HMGIbox!
domain.! They!generally! function!as! transcription! factors,!only!expressed! in! a! few!
cell! types,! and! they! also! contain! other! regulatory! associated! domain.! The!
determinants! for! DNA! sequence! specificity! lie! mainly! in! the! minor! wing! of! the!
HMGIbox.!Examples!of! this! kind!of!HMGB!proteins!are! the!mammalian! lymphoid!
enhancer!factor!(LefI1),!the!sex!determining!factor!(Sry)!and!the!SryIrelated!HMGI




a! large! DNA! bending,! ultimately! forming! complexes! of! rather! similar! structure.!
They! use! their! concave! surface! to! intercalate! one! or! two! (SS! and! NSS! HMGIbox!
domains,! respectively)! bulky! hydrophobic! amino! acids! between! baseIpairs! in! the!
minor! groove.! Other! extensive! proteinIDNA! contacts,! not! sequenceIspecific,! as!
well! as! hydrogen! bonds! are! made! with! the! phosphate! backbone.! As! a! result! of!
these! interactions,! the! DNA! is! bent! and! underIwound! with! positive! roll! angles,!
widening!the!minor!groove!and!compressing!the!major!groove!(Figure!1b).!!















catabolic! pathway! involved! in! oxidative! phosphorylation.! Thus,! oxidation! of!










aerobic! yeast,! glucose! is! primarily! directed! to! the! glycolytic! fermentation,! in!
detriment!of!respiration!pathways,!strongly!repressed!by!glucose!(positive!Crabtree#
effect).! This! phenomenon! can! play! a! crucial! role! in! the! balance! between!
fermentation! and! respiration! when! cells! grow! in! oxygenIlimited! environments.!
However,! this! glucose! repression! does! not! occur! in! other! yeast! species! such! as!
Kluyveromyces# lactis! or! Pichia# stipitis,! capable! of! catabolize! glucose! through! bot!
respiration!and!fermentation!simultaneously.!
!
Figure* 2.! Scheme!of! the! respiratory! chain! in!Saccharomyces# cerevisiae! (Rosenfeld!&!Beauvoit,! 2003).!
Only! inner! mitochondrial! membrane! is! represented.! Cytochrome! b,! subunits! I,! II! and! III! of! the!
cytochrome!c!oxidase!are!respiratory!components!encoded!by!mitochondrial!genes!(as!subunits!VI,!VIII!
and! IX!of! the!FoIATPase,!not!represented).!The!two!types!DI!and!LI!of! lactate!dehydrogenase!are!not!
detailed.!Q6:!ubiquinone!6;!Cyt:!cytochrome.!
Pyruvate! is! metabolized! in! part! by! fermentation! through! pyruvate!
decarboxylase!and!in!part!by!oxidation!through!pyruvate!dehydrogenase!(Breuning!
et# al.,! 2000).! Other! yeast! species! such! as! Yarrowia# lipolytica,! are! exclusively!
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respiratory,! unable! to! ferment! (Kurtzman! &! Fell,! 1998).! Although! most! yeast!
species!identified!are!able!to!grow!under!limiting!oxygen!conditions,!by!fermenting!
sugars!to!ethanol!and!carbon!dioxide,!only!a!few!can!grow!in!complete!absence!of!
oxygen! (Sunnerhagen!&!Piskur,!2006).!This! is! the!case!of!S.# cerevisiae,!which!can!
grow!rapidly!in!both!environments.!
Adaptation! of! yeast! to! an! anaerobic! environment! has! an! evolutionary!
component.! Several! data! indicate! that! the!ability!of! the!Saccharomyces! genus! to!
grow! in! anaerobic! environments! is! due! to! a! large! genome! duplication! (Whole#
Genome#Duplication,!WGD)!which!took!place!about!100!million!years!ago!(Piskur,!
2001).! Species! such! as! K.# lactis,! which! comes! from! a! common! ancestor! with! S.#
cerevisiae!before!the!genomic!duplication,!cannot!grow!in!the!absence!of!oxygen.!
As! a! consequence! of! WGD,! this! genus! acquired! the! ability! to! develop! new!
capabilities,! either! by! increased! gene! dosage,! where! the! presence! of! additional!
copies! can! confer! selective! advantage!without! function! diverging! in! the! loci! (for!
example! the! chaperones! SSB1/SSB2# and! HSP82/HSC82);! or! by! a!
neofunctionalization! process,! wherein! the! second! gene! copy! acquires! a! new!
different! function! from! the! original! one.! This! latter! process! is!well! known! in! the!
aerobic/! anaerobic! response.! For! example,! the! gene! couples! CYC1/CYC7! or!
COX5a/COX5b!of!the!mitochondrial!electron!transport!chain,!the!HMG1/HMG2!isoI
enzymes! of! the! sterol! biosynthesis! pathway! or! the! AAC2/AAC3! isoforms! of!
ADP/ATP!translocation.!Transcriptomic!experiments!using!DNA!arrays!showed!that!
up! to! 25%! of! the! genes! (called! ohnologs)! present! duplication! due! to! the! WGD!




(Zitomer! &! Lowry,! 1992).! Nuclear! and! mitochondrial! genes! coding! for! proteins!
involved! in! oxidative! phosphorylation,! as! cytochromes! and! subunits! of! the!
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respiratory! chain,! and! enzymes! for! protection! against! oxidative! damage,! as!
catalase! or! superoxide! dismutases,! are! only! expressed! under! aerobic! conditions!
and! turn! repressed!when! oxygen! concentrations! are! low! (Rosenfeld!&! Beauvoit,!
2003).!Conversely,!there!are!genes!that!are!slightly!expressed!in!normoxia!and!are!
induced!when! oxygen! availability! decreases.! These! are! called! hypoxic! genes! and!
they!are!classified! into! four!groups!according! to! their!cellular! functions! (Kwast!et#
al.,!2002),!which!are!related!to!cell!wall,!cellular!response!to!stress,!carbohydrate!
metabolism! and! genes! related! to! the! metabolism! of! lipids,! fatty! acids! and!
isoprenoids.!
Frequently,! cellular! heme! levels! mediate! the! signaling! of! oxygen!



















al.,! 1999;! Xin! et# al,! 2000).!ROX1! expression! is! dependent! of! intracellular! oxygen!
and!heme!levels,!and!since!its!expression!is!under!the!control!of!Hap1!(Keng,!1992),!
ROX1! is! therefore! transcriptionally! induced! aerobically! (Deckert! et# al.,! 1998).! In!
addition! to! upIregulation! produced! by! Hap1,! ROX1! is! closely! regulated! by! selfI
repression!under!aerobic!conditions!to!avoid!cellular!toxic!effects!produced!by!an!
eventual! overIexpression.! At! low! oxygen! levels,! the! Rox1! protein! is! rapidly!
degraded,! since! it! is! labile,! and!besides,! the!ROX1! gene! is! no! longer! transcribed.!
Under!normoxic!(aerobic)!conditions,!the!hemeIactivated!Hap1!complex!increases!
ROX1#expression,! allowing! in! turn! that! Rox1! represses! hypoxic! genes.! In! hypoxia!
the! situation! is! reversed,! as! the! low! levels! of! Rox1! allow! derepression! of! these!
genes.!
The! genes! that! are! under! the! control! of! Rox1,! either! directly! by! the!
protein!binding!to!their!promoter!regions,!or!indirectly!through!signal!transduction!
pathways,! are! those! related! to! efficient! metabolism! under! low! oxygen! levels,!
ergosterol!and!heme!synthesis,! cell!wall!maintenance!or!electron!chain! transport!
(Ter!Linde!&!Steensma,!2002).!
A! cross! regulation! between! Rox1! and! Ixr1! has! been! reported! (CastroI





Cisplatin,! also! called! cisIdiamminedichloroplatinum! (II)! (CDDP),! is! a!
metallic!(platinum)!coordination!compound!with!a!square!planar!geometry,!slightly!




groups!and! two!relatively! inert!amine! ligands.! It!was! first! synthesized!by!Michele!
Peyrone!in!1844!and!its!chemical!structure!was!first!elucidated!by!Alfred!Werner!in!
1893.! It!was! the! first! FDAIapproved!platinum! compound! for! cancer! treatment! in!
1978!(Kelland,!2007).!Since!then,!cisplatin! is!one!of! the!most!used!chemotherapy!
drugs! for! the! treatment! of! multiple! other! solid! neoplasms,! including! head! and!
neck,!lung,!colorectal!and!ovarian!cancers!(Rosenberg!et#al.,!1965;!Kelland,!2007).!!!!
Nowadays,!nine!platinum!analogs!are!currently!in!clinical!trials!around!the!
world! termed! ormaplatin! (tetraplatin),! oxaliplatin,! DWA2114R,! enloplatin,!
lobaplatin,! CII973! (NKI121),! 254IS,! JMI216,! and! liposomeIentrapped! cisIbisI
neodecanoatoItransIR,RI1,2Idiaminocyclohexane!platinum!(II)!(LNDDP)!(Weiss!and!
Christian,! 1993;! Frezza!et#al.,! 2010).! Figure!3!presents! the! chemical! structures!of!
cisplatin!and!four!of!its!analogs!including!carboplatin,!oxaliplatin!and!ormaplatin.!!
!
Figure* 3.! Chemical! structures! of! platinum! drugs! cisplatin! (a),! carboplatin! (b),! oxaliplatin! (c)! and!
ormaplatin!(d).!!
During! the! past,! it! was! believed! that! cisplatin! get! access! to! the!











Depending! on! the! cellular! context,! multiple! transporters! may! be! involved! in!
cisplatin!uptake.!Therefore,!it!is!difficult!to!correlate!cisplatin!sensitivity/resistance!
with!a!particular!transporter.!!
Cisplatin! becomes! activated! once! it! enters! the! cell.! In! the! cytoplasm,!
water! molecules! displace! the! chloride! atoms! on! cisplatin.! Once! hydrolyzed,!
activated! cisplatin! is! a! strong! electrophile! that! can! react! with! any! nucleophile,!
including! the! sulfhydryl! groups!on!proteins! and!nitrogen!donor! atoms!on!nucleic!
acids.!Cisplatin!binds!to!the!N7!reactive!center!on!purine!residues!to!form!cisplatin!
adducts,!a!critical!lesion!that!disrupts!the!structure!of!the!DNA!and!interferes!with!
DNA! replication! and! transcription.! The!1,2Iintrastrand! crossIlinks! of! purine!bases!
with!cisplatin!are!the!most!frequent!changes!in!DNA,!that!includes!1,2I!intrastrand!
d(GpG)!and!1,2Iintrastrand!d(ApG)!adducts,!and!represent!about!90%!and!10%!of!
adducts,! respectively.! The! 1,3Iintrastrand! d(GpXpG)! adducts! and! other! adducts!
such!as! interIstrand!crossIlinks!and!nonfunctional!adducts!have!been!reported!to!
contribute! to!cisplatin! toxicity! (Dasari!&!Tchounwou,!2014).!This!alteration! in! the!
structure! is! recognized! by! cellular! proteins! implied! in! the! repair! of! cisplatinI
induced!DNA!damage.!Cisplatin! lesions!are!primarily!repaired!via!NER!(Nucleotide!
Excision! Repair)! system,! a! multilayered! process! that! includes! epigenetic,!
transcriptional! and! posttranslational! regulation.! In! addition! to! NER,! cisplatin! can!
also! induce! TCR! (TranscriptionICoupled! Repair).! The! intraIstrand! crosslink! stalls!
RNA!polymerase!II!to!trigger!TCR!(Damsma!et#al.,!2007).!It!has!been!reported!that!
p53! protects! against! cisplatinIinduced! apoptosis! in! a! TCRIdependent! manner!
(McKay! et# al.,! 2001).! In! addition,! the! homologyIdirected! DNA! repair! (HR)! that!
allows! errorIfree! repair! of! the! doubleIstrand! breaks! caused! by! the! excision! of!
cisplatinIDNA!adducts!has!been! implicated! in! the! repair!of! cisplatinIinduced!DNA!
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damage! (Borst! et# al.,! 2008).! Finally,! MMR! (MisMatch! Repair)! system! also!
recognizes! cisplatinIinduced!DNA! damage,! but! instead! of! increasing! cell! viability,!
MMR! system! was! shown! to! be! important! for! cisplatinImediated! cytotoxicity!
(Sedletska!et#al.,!2007).!







human! serum! ambumin! (HAS),! the! most! abundant! protein! in! plasma,! since!
cisplatin! is! generally! administered! intravenously.! Indeed,! nephrotoxicity! effects!
that!accompany!cisplatin!treatment!are!related!to!the!HAS!oligomerization!caused!
by!the!platinum!compound!(Pinato!et#al.,!2013).!!
Once! in! the! cytoplasm,! the! platinum! compound! become! even! more!
reactive! because! of! chloride! concentration! drops! further,! enhancing! cisplatin!
hydration.! In! this! sense,! synthesis! and! accumulation! of! glutathione! (GSH)! and!
metallothioneins!are!raised,!and!other! important!components!actively! involved!in!
controlling!cellular!redox!homeostasis!have!also!been!found!to!be!directly!targeted!
by! the! platinum! complex! (i.e.! the! thioredoxin! reductase! system!whose! functions!
are!impaired).!The!platinum!atom!in!cisplatin!is!chelated!by!glutathione!(GSH)!and!
the! glutathioneIPt! complex!effluxes!out! the! cell! in! an!ATPIdependent!process!by!
members!of!the!glutathione!transporter!family,!termed!the!GSIX!pumps!(Ishikawa!
&! AliIOsman,! 1993).! Metallothioneins! are! cysteineIrich! proteins! (around! 20!
cysteines! in! peptides! of! 61I68! amino! acid! length)! involved! in! zinc! and! copper!
homeostasis,! heavy!metal! detoxification,! protection! from! apoptosis! and! that! are!
able! to! interact! with! cisplatin! (Basu! &! Lazo,! 1990).! The! cisplatinIcaused! ! redox!
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imbalance! is! actually! a!beneficial! promotion!of! the! cytotoxic! activity!of! the!drug.!







death.!Furthermore,! it! is!now!recognized!that! inhibition!of!DNA!replication! is!not!
sufficient! to! explain! cisplatin! cytotoxicity.! The! tumor! suppressor! protein! p53,!
considered!the!“guardian!of!genome”,!play!a!critical!role!in!the!cisplatin!response,!
transIactivating! genes! involved! in! cell! cycle! arrest! (e.g.,! p21),! DNA! repair! (e.g.,!
growth! arrest! and! DNA! damageIinducible! 45,! Gadd45),! and! apoptosis! (e.g.,! Bax)!
(De! Laurenzi!&!Melino,! 2000).! Also,! the! tyrosine! kinase! cIAbl! plays! an! important!
role! in! stress! response! to! DNA! damaging! agents,! and! it! is! activated! upon! the!





of! cytoplasmic! cisplatin! are! poorly! understood,! it! is! known! that! includes! the!
accumulation! of! reactive! oxygen! species! (ROS),! nitric! oxide! (NO),! and! cell!
apoptosis.!Apoptosis!is!a!controlled!type!of!cell!death,!which!is!energyIdependent!
leading! to! cell! shrinkage,! chromatin! condensation,! membrane! budding,!
phosphatidylserine!externalization,!and!activation!of!a!family!of!cysteine!proteases!
called! caspases! (Salvesen! &! Dixit,! 1997;! Cummings! et# al.,! 2000).! There! are! two!
major!pathways!of!cell!death!mediated!by!caspases;!the!first!is!mediated!by!TNFIα!




BclI2! family! proteins,! which! regulate! cytochromeIc! release! from! mitochondria,!
thus! activating! procaspaseI9! through! the! interaction! with! ApafI1! (Apoptosis!
Promoting!Activating!FactorI1).!
3.2.I!Medical!importance!of!Cisplatin!resistance!!
In! spite! of! the! general! effectiveness! of! cisplatin,! one! of! the! major!
problems! of! cisplatin! treatment! is! the! intrinsic! or! acquired! resistance! that!many!
cancer!cell!types!show.!Cisplatin!is!highly!efficient!only!against!testicular!germ!cell!
cancer,!leading!to!a!durable!complete!remission!in!>80%!of!the!patients!(Winter!&!
Albers,! 2011).! On! the! contrary,! the! clinical! responses! showed! by! cisplatinIbased!
chemoIradio!therapeutic!regimens!in!patients!affected!by!other!solid!tumors!(e.g.,!
ovarian! carcinoma)! are! temporary! and! malignant! cells! become! chemoIresistant.!
Others,! like! lung,! prostate! or! colorectal! cancer,! entail! neoplastic! lesions! that! are!
intrinsically!resistant!to!the!cytostatic/cytotoxic!activity!of!cisplatin.!!
The! proposed! mechanisms! of! cisplatin! resistance! include! changes! in!
cellular! uptake! and! efflux! of! cisplatin,! increased! biotransformation! and!
detoxification! in! the! liver,! and! increase! in! DNA! repair! and! antiIapoptotic!
mechanisms! (Gottesman!et#al.,! 2002).! In! this! sense,! cisplatin! resistance!has!been!
classified! in! four! phases:! first,! those! alterations! in! processes! that! precede! the!
binding!of!cisplatin!to!its!actual!targets,!including!DNA!and!cytoplasmic!structures,!
and!called!“preItarget!resistance”;!second,!those!alterations!directly!related!to!the!
molecular! damage! produced! by! cisplatin! and! called! “onItarget! resistance”;! third,!
those!alterations!in!the!lethal!signalling!pathways!triggered!by!cisplatin!lesions!and!
called! “postItarget! resistance”;! and! fourth,! those! changes! that! alter! some!
molecular! circuit! that! are! not! intimately! associated! with! main! cisplatinI! elicited!




Among! “preItarget! resistance”! reasons! are! the! reduced! amount! of!
“reactive”!cisplatin!forms!in!the!cytoplasm,!the!extrusion!of!the!drug,!mainly!by!the!







the! majority! of! cisplatinIDNA! adducts,! although! components! of! the! mismatch!
repair! (MMR)! machinery! have! also! been! implicated! in! this! process! (Chaney! &!
Sancar,! 1996;! Furuta! et# al.,! 2002).! Also,! doubleIstrand! break! lesions! that!
sometimes!produce!cisplatin!are!normally!repaired!by!homologous!recombination!
(Smith!et#al.,!2006).!Accordingly,!homologous!recombinationIproficient!neoplasms!
are! generally! more! resistant! to! cisplatin! treatment! than! homologous!
recombinationIdeficient! cells,! such!as! those!bearing! lossIofIfunction!mutations! in!
the! genes! encoding! Brca1! and! Brca2,! (Venkitaraman,! 2002).! On! the! other! hand,!
only! a! few! extraInuclear! cisplatinIbinding! partners! have! been! identified! to!
contribute! to! cisplatin! resistance,! including! cytosolic! (e.g.,! myosin! IIa,! Hsp90),!
ribosomal! (e.g.,! ribosomal! protein! L5),! reticular! (e.g.,! calreticulin)! and!
mitochondrial! components! (e.g.,! mitochondrial! DNA,! Vdac1),! as! well! as! others!
ubiquitously!spread!like!Vcp!(valosinIcontaining!protein)!a!type!II!member!of!AAA+I
ATPase!family!(SanchoIMartinez!et#al.,!2012;!Karasawa!et#al.,!2013).!!
PostItarget! cisplatin! resistance! refers! to! the! set!of! alterations! in! the! cell!
checkpoints! mechanisms! that! detect! the! cisplatin! damage! and! convert! it! into! a!
lethal! signal,! as! well! as! in! the! components! of! the! regulation! and! signalling!
pathways!that!promotes!the!activation!of! the!cell!death!via!apoptotic!or!necrotic!
systems! (Gottesman! et# al.,! 2002).! The! cell! reaction! to! cisplatin! treatment! is!
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promoting!a! rapid!activation!of!an! integrated!adaptive!response!aimed!at! the!reI
establishment! of! cellular! homeostasis,! avoiding! the! cell! death! path.! ! Only! when!
homeostasis! cannot! be! restored,! because! stress! conditions! are! excessive! in!
intensity!or!duration,! lethal! signals!are! transmitted,!a! survival!mechanism!for! the!
preservation! of! organism! homeostasis! (Gottesman! et# al.,! 2002).! These! signals!
consist! in! the! switch! of! the! DNA! damage! response! from! a! cytoprotective! to! a!
cytotoxic! mode,! followed! by! the! activation! of! Bax! and! Bak1,! and! also! the!
accumulation!of!ROS!and!consequent!PTPC!(Permeability!Transition!Pore)!opening!
(Mandic! et# al.,! 2001).! Both! these! processes! eventually! promote! increased!
permeability! of! the! mitochondrial! outer! membrane,! in! turn! resulting! in! the!
functional!and!physical!breakdown!of!mitochondria,! followed!by!the!activation!of!
caspaseIdependent! and! independent! mechanisms! of! cell! death! (Galluzi! et# al.,!





offItarget! mechanisms,! that! is,! molecular! pathways! that! deliver! compensatory!
survival! signals! even! though! they! are! not! directly! activated! by! cisplatin,! some!
mediated! by! the! AKT1! signalling! pathway,! such! as! Dyrk1b! or! Tmem205! proteins!
(Gottesman!et#al.,!2002).!!
To!overcome!resistance,! cisplatin! is! commonly!used! in!combination!with!
some! other! drugs! in! treating! ovarian! cancer,! biliary! tract! cancer,! lung! cancer!
(diffuse! malignant! pleural! mesothelioma),! gastric! cancer,! carcinoma! of! salivary!
gland! origin,! breast,! colon,! lung,! prostate,! melanoma! and! pancreatic! cancer! cell!









subsequent! DNA! distortions! and! constitute! the! ‘‘platinated! DNA! interactome’’!
(Bounaix! Morand! du! Puch! et# al.,! 2011).! Platinum! modification! distorts! the!
structure! of! duplex! DNA! in! a! distinctive! manner.! A! variety! of! cellular! proteins!
specifically! recognize! these! uniquely! altered! structural! forms! of! DNA.! These!
proteins!include!those!involved!in!repair!processes!like!XPCIhHR23B,!XPA,!RPA,!and!
TFIIH,!that!recognize!platinum!adducts!cooperatively!during!the!early!stage!of!NER!
(Riedl! et# al.,! 2003;! Dip! et# al.,! 2004);! hMutSR! heterodimer! (MSH2I! MSH6)! and!
bacterial!MutS!damage!recognition!proteins!in!MMR!(Mello!et#al.,!1996;!Yamada!et#
al.,!1998);!the!DNAIdependent!protein!kinase!(DNAIPK),!that!participates!in!cellular!
DNA! repair! processes! such! as! doubleIstrand! break! (DSB)! restoration! (Turchi! &!
Henkels,!1996);!or!the!human!3Imethyladenine!DNA!glycosylase!(AAG),!a!damage!
recognition! protein! involved! in! base! excision! repair,! selectively! binds! to! various!
cisplatin! adducts! (Kartalou! et# al.,! 2000).! Other! proteins! not! related! to! repair!
systems!that!preferentially!recognize!cisplatinImodified!DNA!are!the!TATAIbinding!
protein! (TBP)! (Vichi! et# al.,! 1997),! the! tumor! suppressor! protein! p53! (Wetzel! &!
Berberich,!2001),!the!Poly(ADPIribose)!polymerase!1!(PARPI1)!(Zhang!et#al.,!2004),!
YIbox! binding! proteinI1! (YBI1)! (Ise! et# al.,! 1999),! Structural! maintenance! of!
chromosome!protein!3! (SMC3),!ChromatinIspecific! transcription!elongation!factor!












HMGB1!protein,! binds! selectively! to! cisplatinImodified!DNA! (Pil!&! Lippard,! 1992;!
Dunham! &! Lippard,! 1997).! Although! the! two! HMG! box! domains! of! HMGB1! are!
structurally! similar! and! positioned! in! tandem,! domain! A! interacts! more! strongly!
with! cisplatin! 1,2Iintrastrand!DNA! crosslinks! than! domain! B! (Dunham!&! Lippard,!
1997).! As! a! NSS! DNA! binding! protein,! it! regulates! numerous! nuclear! functions!
including! transcription,! replication,! recombination,! and! general! chromatin!
remodeling,! serving! as! an! architectural! facilitator! by! assisting! the! assembly! of!
nucleoprotein! complexes! (Thomas! &! Travers,! 2001).! For! the! past! several! years,!
HMGB1! has! also! been! investigated! as! an! extracellular! mediator,! performing!
significant!roles!in!inflammation,!differentiation,!migration,!tumor!metastasis,!and!
the! immune! response! (Dumitriu! et# al.,! 2005).! ! This! variety! in! the! properties! of!
HMGB1,!suggesting!a!likely!involvement!of!the!protein!in!the!cisplatin!mechanism!
of! action,! also! make! the! biological! repercussions! of! HMGB1! binding! still!
controversial,!as!some!published!works!demonstrated!a!subsequent!facilitation!of!
DNA!repair!whereas!others!suggest!a!shielding!effect!towards!NER!factors.!!Firstly,!
in# vitro! studies! demonstrated! that! HMGB1! could! inhibit! reparation! of! 1,2I





identity! with! HMGB1)! in! human! lung! cancer! cells! enhanced! cisplatin! sensitivity!
more!than!3Ifold!(Arioka!et#al.,!1999).!On!the!other!hand,!HMGB1!is!overexpressed!
in! various! cisplatinIresistant! cell! lines! and! has! been! identified! as! a! proapoptotic!
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signaling! protein! (Brezniceanu! et# al.,! 2005).! Even! mouse! embryonic! native! and!
HMGB1! knockout! cell! lines! show! no! significant! differences! in! their! sensitivity! to!
cisplatin!(Wei!et#al.,!2003).!Then,!it!seems!that!the!ability!of!HMGB1!to!impact!the!
cytotoxicity!of! cisplatin!can!depend!upon! the!cell! type,! the!experimental!method!
used! to! change! the! protein! level,! and! possibly! even! the! growth! conditions! and!
number!of!passages!of!the!cells.!!
Many! other! proteins! containing! one! or! more! HMG! domains! bind! to!
cisplatinImodified! DNA,! including! the! structureIspecific! recognition! protein! Ssrp1!






al.,! 2011),! and! the! yeast! proteins! Cmb1! (Fleck! et# al.,! 1998),! Nhp6! (Wong! et# al.,!
2002)!or!Ixr1!(McA’Nulty!et#al.,!1996).!Indead,!Ixr1!participates!in!DNA!repair!after!





Prions! are! selfIreplicating! protein! bodies! that! are! involved! in! the!
spreading!of! several!mammalian!neurodegenerative!diseases,! variously! known!as!
Kuru,!scrapie,!and!bovine!spongiform!encephalopathy,!in!humans,!sheep!and!cows,!
respectively!(Aguzzi!et#al.,!2008).!However,!most!prions!and!their!properties!have!







































Rnq1! [PIN+]! S.#cerevisiae# Unknown! Increased!appearance!
of!other!prions!




























































conditions! (True! et# al.,! 2004;! Alberti! et# al.,! 2009).! Thus,! prions! show! reversible!
switching! capabilities! among! diverse! phenotypes! and! promote! the! evolution! of!
such!phenotypic!novelty.!
Amyloids! represent! the! most! frequent,! and! in! consequence,! the! most!
biochemically! characterized! state! of! prions! (Glover! et# al.,! 1997;! Alberti! et# al.,!
2009),! but! exist! other! types! of! selfIpropagating! protein! conformations! that!may!
also! result! in! the! prion! phenomena! (Wickner! et# al.,! 2007;! Brown! &! Lindquist,!
2009).!Amyloid!is!a!highly!ordered,!fibrillar!protein!aggregate!with!a!unique!set!of!
biophysical! characteristics! that! facilitate! prion! propagation:! extreme! stability,!
assembly!by!nucleated!polymerization,!and!a!high!degree!of!templating!specificity.!
Prion! spread! cycle! begins! with! a! single! nucleating! event! that! occurs! from! and!
within! a! stable! intracellular! population! of! nonIprion! conformers! of! the! same!
protein.! This! prion! nucleus! is! then! elongated! into! a! fibrillary! conformation! by!
addition! of! new! nonIprion! conformers! (Serio! et# al.,! 2000;! Tessier! &! Lindquist,!
2009).!In!final!steps,!the!growing!protein!fibers!fragment!into!smaller!propagating!
units,!which!are!spread!among!daughter!cells!(Shorter!&!Lindquist,!2005).!Because!
the! change! in! protein! conformation! results! in! alterations! of! function,! these! selfI
perpetuating! conformational! changes! create! heritable! phenotypes! associated! to!
the! determinant! protein! and! its! genetic! background.! Prion! phenotypes! are!
dominant! in! genetic! crosses! and! exhibit! nonIMendelian! inheritance! patterns.! In!










prions! has! been! short,! and! important! aspects! of! their! crucial! roles! in! adaptation!
and! evolution! were! ignored.! However,! numerous! discoveries! in! yeast! last! years!
have! enormously! expanded! the! prion! knowledge.! Proteins! that! were! recently!
discovered!to!form!prions!include!several!chromatin!remodeling!and!transcription!





genetic! polymorphisms,! allowing! for! their! storage! in! a! silent! form,! and! releases!
them! in!a!sudden!stepwise! fashion! (Masel!&!Siegal,!2009).! In! this!sense,!some!of!
these!phenotypes!produced!by!the!expression!of!accumulated!genetic!variation!on!
occasion!will! be! beneficial! to! the! organism,! and! occasionally! further! genetic! and!
epigenetic!variations!would!accumulate!and!stabilize!the!beneficial!phenotype!as!a!
consequence! of! cell! proliferation.! In! accordance!with! this,! it! has! been! proposed!
that!prions!have!the!ability!to!act!as!evolutionary!capacitors!(Shorter!&!Lindquist,!
2005).!For!example,!the!lower!translation!fidelity!as!a!consequence!of![PSI+]!(prion!
state!of! Sup35),! results! in! the! translation!of!previously! silent!genetic! information!
through!a!variety!of!mechanisms!including!stopIcodon!readIthrough!and!ribosome!
frameshifting! (Liebman!&! Sherman,! 1979;! True! et# al.,! 2004;!Wilson! et# al.,! 2005;!
Namy!et#al.,!2008).!Furthermore,!stopIcodon!readIthrough!allows!also!changes! in!
mRNA!stabilities!because!of!a!relaxed!selection!in!untranslated!regions!and!cryptic!
RNA! transcripts!under!normal! [psiU]! conditions.!As!a! consequence,! transcripts!are!
free! to! accumulate! genetic! variations,! to! finally! affect! their! genetic! expression.!




The! epigenetic! role! of! prions! in! its! evolutionary! capacitance! is! essential!
and!necessary,!providing!a!mechanism!for!the!persistence,!and!if!it!is!appropriate,!
genetic! assimilation! of! the! revealed! phenotypes! (Masel! &! Siegal,! 2009).! Then,!
phenotypes! that! appear! as! a! consequence! of! prion! formation! could! be! more!
advantageous! by! other! capacitors! like! regulatory! network! responses,! where!
spontaneity! and! persistence! for! multiple! generations! could! premium! over!
transience!and!punctual!stress!response.!!




chromatin! remodeler,! for! instance,! regulates! the! expression! of! 6%! of! the! yeast!
genome! (Du! et# al.,! 2008).! Likewise,! Cyc8! represses! 7%! of! the! yeast! gene!
complement!(Green!&!Johnson,!2004).!The!prion!candidates!Pub1,!Ptr69!and!Puf2!
are! members! of! a! family! of! RNAIbinding! proteins! that! regulate! the! stability! of!
hundreds! of! mRNAs! encoding! functionally! related! proteins! (Hogan! et# al.,! 2008).!
This! large!enrichment!of!putative!prions!among!proteins!with!key! regulatory!and!
signaling!functions!suggests!that!prionIbased!switches!evolve!preferentially!among!





Prion! formation! is! a! special! type! of! the! protein! misfolding! process! and!




Protein! quality! control! machinery! is! essential! for! both! normal! protein!
folding!and!for!cellular!stress!responses.!Prion!formation!is!strongly! influenced!by!
several! components! of! the! ubiquitinIproteasome! system! (Chernoff,! 2007).!
Furthermore,! prion! propagation! requires! the! actions! of! members! of! the! Hsp40,!
Hsp70,!and!Hsp110!chaperone!families!as!well!as!the!AAA+!protein!disIaggregase!
Hsp104! (Chernoff,! 2007;! Sweeny! &! Shorter,! 2008).! Hsp104! is! a! member! of! the!
ClpA/ClpB! family!of! chaperones,!whose!members!are! found! throughout!bacteria,!




The! distribution! of! proteins! between! soluble! and! aggregated! states! is!
highly!sensitive! to! the!status!of! the!protein!homeostasis!network,!which! includes!





the! prion! conformational! switching! and! propagation! capacities,! reflecting! the!





described.! Proteins! with! prion! propensities! are,! in! general,! associated! with! the!
presence!of!intrinsically!disordered!regions!(IDR)!that!can!aggregate!orderly.!!
Transcriptional! factors! are! essential! protein! “hubs”! for! controlling!many!
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aspects! of! biological! activity! and! is! responsible! for! the! binding! diversity! of! the!
broad! cascade! of! proteinIprotein! interactions,! since! one! of! the!major! functional!
advantages! for! intrinsically! disordered! proteins! is! the! ability! to! bind! to! multiple!
different!targets!without!sacrificing!specificity!to!form!the!flexible!nets![Dunker!et#
al.,!2005].! Intrinsically!Disordered!Proteins!(IDPs)!can!bind!to!multiple!targets!due!
to! its! structural! plasticity,! which! allows! for! IDPs! to! adopt! several! conformations!
(Wright!and!Dyson,!2009).!Liu!and!coworkers!have!shown!that!82%!of!eukaryotic!
transcription!factors!contain! intrinsically!disordered!regions! (Liu!et#al.,!2006).!The!
intrinsic! disorder!may!have!evolved! to!overcome! the! thermodynamic! and! kinetic!
challenges! in! sequence! specific! binding! of! DNA! (Dyson! and! Wright,! 2005).! The!
flexibility! found! in! transcriptional! factors! is!utilized!during!transcription!activation!
where!complexes!of!many!different!proteins!need!to!be!formed!and!changes!in!the!
chromatin!structure!occurs.!!
HMGIbox! domains! are! characterized! to! possess! high! flexibility.! Using!
calorimetric!measurements,! the!HMGIbox!of! SoxI5! from!mouse!have! shown! that!
significant! levels!of!protein!refolding!occur!on!association,! in!addition!to!the!DNA!
bending! (CraneIRobinson! et# al#1998;! Privalov! et# al.! 1999).! The! undergoing! DNAI
dependent! orderIdisorder! transition! of! HMGIbox! domains! appears! to! play! an!
important!role!for!the!adaptability!of!the!angular!surface!of!the!domain!(figure!1)!
to!enable!a!HMGB!protein!to!induce!different!architectures!in!different!functional!
contexts.! Thus,! contextIdependent! changes! in! overall! architecture! may!
differentially! affect! transcription,! and! a! single! transcription! factor!may! exert! fine!
control!over!relative!levels!of!expression!within!a!set!of!target!genes.!
Besides! DNAIbinding! domains,! remote! IDRs! in! the! transcription! factors!
can! also! affect! DNA! binding.! Fuzzy! interactions! of! IDRs! with! the! DNAIbinding!
domain!can,! in!addition!to!proteinIprotein! interactions!and!PTMs!of! IDRs,!change!




the! acidic! tail! of! its! carboxylic! side! organizes! the!HMG!boxes! and! linkers! into! an!
“autoIinhibited”!complex!with!the!DNAIbinding!faces!of!the!HMGIbox!domains!are!
hidden!and!not!available.!When!functional!partners!interact!with!hHMGB1!produce!
a! conformational! change! to! promote! an! open! “binding! competent”! form! of! the!
protein,! releasing! and! leaving! exposed! and! available! their! HMGIbox! domains! to!
bind!to!the!DNA!(Watson!el!al.,!2014).!
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The! main! objective! of! this! Thesis! work! is! the! characterization! of! the!
structure!and!functions!of!the!HMGB!protein!Ixr1!from!Saccharomyces+cerevisiae.+
To! reach! this! main! objective! the! following! particular! objectives! have! been!
undertaken:!
1.D! To! analyse! the! role! of! Ixr1! in! the! transcriptional! response! of! S.+ cerevisiae! to!
hypoxia!by!a!transcriptome!approach.!
2.D!To!characterize!DNA!regulatory!sequences!important!for+in+vivo!Ixr1!binding!and!
to! ! find! whether! there! is! a! relationship! between! the! binding! of! DNA! regulatory!
sequences! of! the! two! HMGB! proteins! of! S.+ cerevisiae! that! are! related! to! the!




4.D! To! differentiate! ! the+ in+ vivo! binding! of! Ixr1! ! to! DNA! in! cells! non! treated! and!
treated!with!cisplatin!and!correlate!these!results!with!the!transcriptome!response!
of!S.+cerevisiae!cells!to!!this!drug!by!a!ChIPDonDchip!approach.!
5.D! To! quantify+ in+ vitro! by! diverse! biochemical! and! thermodynamic!methods! the!
particular! interactions! of! each! HMGDbox! domains! (A! and! B)! present! in! Ixr1! with!
several! DNA! regulatory! sequences! previously! characterized! in! the! ROX1+ and+
HEM13+ ! promoters! and! ! selected! as! a!model! of! study;! as! well! as! the! “fourDway!
junctions”! form! and! modifications! produced! by! DNADplatination! in! the! studied!
interactions.!
6.D! To! characterize! from! a! structural! point! of! view! the! Ixr1! protein! and! their!
principal!domains.!
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The! high(mobility! group! (HMG)! proteins! were! discovered! as! nuclear!
factors! (NFs)! more! than! 40! years! ago! and! they! were! named! for! their! high!
electrophoretic! mobility! in! polyacrylamide! gels! (Goodwin! et# al.,! 1973).! They! are!
present! in!almost!all!metazoans!and!plants.!Although!HMG!motifs! are!present! in!
many! nuclear! proteins,! the! classification! and! nomenclature! of! the! considered!
“canonical”! HMG! proteins! is! organized! in! 3! families! named! HMGA,! HMGB,! and!
HMGN,!each!one!having!a! specific! functional!motif;! the! “AT(hook”! in!HMGA,! the!
“HMG(box”! in! HMGB! and! the! “nucleosomal! binding! domain”! in! HMGN! (Bustin,!
2001).!In!the!nucleus,!they!act!as!non(histone!architectural!chromatin(proteins,!but!
they!also!have!other!regulatory!functions!upon!replication,!transcription!and!DNA!
repair.! Some!HMG! proteins! have! been! related! to! extra(nuclear! and! extracellular!








Saccharomyces# cerevisiae! has! seven! genes! expressing! HMGB! proteins:!!




Functionally,! Ixr1! (formerly! named! Ord1,! for! oxygen/oxidase! regulation!
defective)! has! been! previously! related! to! the! transcriptional! control! of! the!
Outline(of(this(thesis!!
!56!
response! to! changes! normoxia(hypoxia! of! several! yeast! genes! such! as! COX5B,!
which! encodes! the! hypoxic! isoform! of! subunit! Vb! of! cytochrome! c! oxidase!
(Lambert!et#al.,!1994);!TIR1,!which!encodes!a!cell!wall!mannoprotein;! induced!by!
cold!shock!and!anaerobiosis!(Bourdineaud!et#al.,!2000);!HEM13,!which!encodes!the!
enzyme! coproporphyrinogen! III! oxidase! that! catalyzes! the! rate(limiting! step! in!
heme! biosynthesis! (Castro(Prego! et# al.,! 2010a);! and! ROX1,! which! encodes! a!
transcriptional!repressor!of!hypoxic!genes!in!normoxia!(Castro(Prego!et#al.,!2010b).!!
In! order! to! better! understand! the! role! of! Ixr1! in! the! hypoxic! response! and! to!
increase! the! repertory! of! Ixr1! target! genes,! we! first! characterized! the!
transcriptome! of! two! yeast! isogenic! strains,! Ixr1(wild! type! and! Δixr1,! grown! in!
aerobic! and! hypoxic! conditions.! Two! different! experimental! approaches! were!
designed! to! analyze! the! response! during! long(term! hypoxic! growth! and! the!
response!after!a!shift!from!aerobic!to!hypoxic!conditions.!Chapter!1!describes!the!
main!results!obtained!using!DNA!arrays!and!confirmed!by!qPCR.!!








scale.!Considering! that!mRNA! levels!of!Rox1! (Deckert!et#al.,! 1995;! Zitomer!et#al.,!






Although! Ixr1! was! first! identified! by! its! ability! to! bind! DNA! previously!




demonstrated! that! Ixr1! is! required! for! the! expression! of! Rnr1,! one! of! the! four!
subunits!of!the!enzyme!ribonucleotide!reductase,!which!catalyzes!the!rate(limiting!
step! in! the! production! of! all! four! dNTPs! (Tsaponina! et# al.,! 2011).! These! are! the!
building!blocks!necessary!for!DNA!synthesis!both!during!cell!cycle!progression!and!
after!DNA!damage.! The! relationship! between! this!molecular! function!of! Ixr1! and!
the!increased!resistance!caused!by!IXR1!deletion!was!not!evident.!More!recently,!it!
has! been! observed! that! inactivation! of! IXR1! renders! cells! resistant! not! only! to!
cisplatin! but! also! to! other! DNA(damaging! drugs! with! different! mechanisms! of!
action! (Tsaponina! and! Chaves,! 2013).! A! hypothesis! has! been! formulated! in! the!
sense! that! dNTPs! depletion! observed! in! the! Δixr1! mutant! strain! is! the! cause! of!
constitutive!genome!integrity!checkpoint!activation!and!consequently!of!the!broad!
DNA!damage!tolerance!observed!in!the!mutant.!In!support!of!this!hypothesis!it!has!
been! demonstrated! that! the!wild(type! yeast! cells! exhibit! increased!DNA!damage!
tolerance! when! the! genome! integrity! checkpoint! is! pre(activated! by! low!
concentrations! of! hydroxyurea,! a! drug! that! slows! down! DNA! replication! by!
depleting!dNTPs!(Tsaponina!and!Chaves,!2013).!In!the!course!of!this!PhD!Thesis!the!
effects!of!cisplatin!treatment!on!the!transcriptome!of!a!wild(type!and!an!isogenic!
∆ixr1! strain! have! been! analyzed! and! discussed! in! relation! to! Ixr1! binding! to!
promoter! and! non(promoter! regions! of! the! S.# cerevisiae! genome.! The! results! of!
these!transcriptome!and!ChIP(on(chip!analyses!are!explained!in!Chapter!3.!!
The!determination!of!Ixr1!structure!is!attractive!and!challenging!since!the!
in! tandem! organization! of! its! two! HMG(boxes! is! not! similar! to! those! present! in!
other! HMGB! proteins,! whose! structures! have! been! experimentally! determined.!




Modelling! of! the! two! HMG(boxes! present! in! Ixr1! and! comparison! with!
experimentally!determined!structures!of! the!unique!HMG(box!of!mammalian!SRY!
(Werner,! 1995)! and! the! two!boxes! present! in! human!HMGB1! (Read,! 1993;!Weir,!
1993;!Hardman,! 1995;!Stott,! 2006)!predicts! that! binding! to! DNA! might! be! non(
sequence(specific!(or!structure(specific)!through!the!first!HMG(box!and!sequence(
specific! through! the! second! (Castro(Prego!et#al.,! 2010a).! The!binding!of! Ixr1! to! a!
sequence!present! in! the!ROX1!promoter! (−428! to!−254)!and!previously! shown!as!
necessary! for! Rox1! binding! for! aerobic! auto(repression! of! ROX1! (Decker! et# al.,!
1995)!was! demonstrated! in# vivo! and! in# vitro! (Castro(Prego! et# al.,! 2010b).! It! was!
observed! that! binding! of! Ixr1! to! the!ROX1!promoter! increased! during! hypoxia! in!





to! the! consensus! present! in! the!ROX1! promoter! has! been! analyzed! in! this!work.!







from! yeast! and! bacteria.! The! production! in! yeast! had! been! considered! as!
advantageous! since! post(translational! modifications! could! be! integrated! in! the!
model.!However,!this!strategy!rendered!a!low!yield,!not!enough!for!crystallization!




amino! acidic! composition.! We! therefore! focused! our! study! in! other! affordable!
structural! aspects! like! the! oligomeric! state,! the! identification! of! ordered! and!
disordered! stretches,! the! significance! of! the! poly(glutamine! regions! and! their!
tendency!to!form!amyloids.!All!these!aspects!are!exposed!in!Chapter!5.!
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the! transcriptional! induction! or! de.repression! of! multiple! genes! organized! in!




grown! in! aerobic! and! hypoxic! conditions,! reveals! differential! regulation! of! genes!
related!to!the!hypoxic!and!oxidative!stress!responses,!but!also!to!the!re.adaptation!
of! catabolic!and!anabolic! fluxes! in! response! to!oxygen! limitation.!The! function!of!
Ixr1! in!transcriptional!regulation!of!genes!from!the!sulphate!assimilation!pathway!
and!other!pathways!producing!α.keto.acids! is!of!biotechnological! importance! for!
the!industries!based!on!yeast.derived!fermentation!products.!
1.;%INTRODUCTION%
The! yeast! Saccharomyces+ cerevisiae! uses! both! respiration! and!
fermentation! to! obtain! energy! through! metabolic! pathways.! S.+ cerevisiae! grows!
under! aerobic! (normoxic)! and! also! under! limited! (hypoxic)! or! even! depleted!
(anaerobic/anoxic)! oxygen! conditions,! the! latter! excluding! oxygenJdependent!
respiratory!metabolism.!During!hypoxia,!it!is!advantageous!for!the!cell!to!adapt!the!
pattern! of! gene! expression! in! order! to! improve! oxygen! utilization.! Among! the!
genes!that!are!induced!during!hypoxia!are!those!whose!products!fit!principally!into!
four! categories:! cell! wall! composition,! lipid! and! carbohydrate! metabolism! and!





!In! S.+ cerevisiae,! adaptation! to! hypoxia/anaerobiosis! requires! the!
transcriptional! induction!or!de.repression!of!multiple!genes!organized! in!regulons!




induction! of! hypoxic/anaerobic! genes! (Abramova! et+ al.! 2001a;! Abramova! et+ al.!
2001b;!Vik!&!Rine!2001;!Regnacq!et+al.! 2001).! Ixr1! is! a! transcriptional! regulatory!
factor! that! causes! aerobic! repression! of! the! COX5B! gene,! which! encodes! the!
hypoxic! isoform! of! the! subunit! Vb! of! the! mitochondrial! complex! cytochrome! c!
oxidase!(Lambert!et+al.!1994).!Ixr1!has!also!been!related!to!aerobic!and!anaerobic!
regulation! of! TIR1,+ a+ cell! wall! mannoprotein! of! the! Srp1/Tip1! family! of! serine.
alanine.rich! proteins+ (Bourdineaud! et+ al.! 2000)! and! HEM13,! which! encodes! the!
enzyme! coproporphyrinogen! III! oxidase! necessary! in! the! heme! biosynthetic!
pathway!(Castro!et+al.!2010a).!!
Rox1! and! Ixr1! both! contain! HMG! (high.mobility! group)! domains,! which!
bind! to!and!bend!DNA!(Deckert!et+al.!1995;!Deckert!et+al.!1999;!McA’Nulty!et+al.!




HEM13! transcription! in! hypoxia! (Castro! et+ al.! 2010a).! Besides,! a! transcriptional!
cross.regulation!between!the!genes!ROX1!and! IXR1!exists!(Castro!et+al.!2010b).!In!
aerobiosis,! low! levels! of! IXR1! expression! are! maintained! by! Rox1! repression!












BY4741! and! in! its! isogenic! derivative! Δixr1! strain! grown! in! aerobic! and! hypoxic!
conditions.! Two!different! approaches! to! the!hypoxic.elicited! response!have!been!




The!S.+ cerevisiae! strains,!BY4741! (MATa!his3Δ1! leu2Δ0!met15Δ0!ura3Δ0)!
and!BY4741JΔixr1! (MATa!his3Δ1! leu2Δ0!met15Δ0+ura3Δ0+YKL032c::kanMX4)!were!
obtained!from!EUROSCARF!(European!S.+cerevisiae!archive!for!functional!analysis;!
http://web.uni.frankfurt.de/fb15/mikro/euroscarf/).! Growth! and! handling! of!
yeasts!were!carried!out!according!to!standard!procedures.!For!RNA!extractions,!the!
yeast! cells!were! cultured! in! Erlenmeyer! flasks! at! 250! rpm.! The! flasks!were! filled!
with!40%!volume!of!culture!medium.!Yeast!cells!were!grown!at!30!oC!in!synthetic!
complete! medium! (CM)! containing! per! liter:! 6.7! g! of! bactoJyeast! nitrogen! base!
without!amino!acids! from!Difco!(Franklin!Lakes,!New!Jersey,!USA);!40!mg!each!of!
histidine,! leucine,! adenine,! uracil,! lysine! and! tyrosine,! 10! mg! each! of! arginine,!
methionine! and! threonine,! 30!mg! tryptophan;! 60!mg! each! of! phenylalanine! and!
isoleucine;!2%!glucose!(w/v).!During!hypoxic!growth,!cells!were!cultured!over!night!
in!anaerobic!jars!with!the!GasPack!EZAnaerobe!system!from!Becton,!Dickinson!and!
Company! (Franklin! Lakes,! New! Jersey,! USA)! and! under! these! conditions! (oxygen!










galactose! or! glycerol! as! specified.! The! cells!were! preJadapted!over! night! to! each!
carbon! source! by! growing! the! preJinocula! in! the! same! liquid! media.! Yeast! cells!
were! cultured! in! Erlenmeyer! flasks! filled! to! 20%! volume! and! with! continuous!
agitation! at! 250! rpm.! The! starting! OD600! was! 0.05! and! OD! was! measured! at!
different!time!points!during!40!hours.!
2.2.;%RNA%isolation%
For! RNA! isolations,! cells! were! harvested,! immediately! frozen! in! liquid!
nitrogen,! disrupted! using! a!Micro.Dismembrator! (B.! Braun! Biotech! International,!
Allentown,! Pennsylvania,! USA).! The! resulting! powder! was! mixed! with! TRIZOL!
Reagent! (GIBCO! BRL.! Life! Technologies,! Gaithersburg,! Maryland,! USA)! and! total!





synthesize! and! radiolabel! the! corresponding! first! strand! cDNA!with!50!µCi! of! [α.
32P].dATP! (Amersham! Biosciences,! Little! Chalfont,! UK)! and! SuperScript! II! (GIBCO!
BRL! Life! Technologies,! Gaithersburg,!Maryland,! USA).! The! reactions!were! carried!
out!at!43!oC!for!1!h,!after!which!the!RNA!was!hydrolyzed!with!NaOH!at!65!oC!for!30!









(yeast!DNA!chips! version!5)!were! supplied!by! the!Valencia!University! (DNA.Chips!
Services!from!SGAI!UVA,!Valencia.!Spain).!These!arrays!contain!all!of!the!yeast!ORFs!
and! have! been! previously! described! (Alverola! et+ al.! 2004).! Filters! were! pre.
hybridized! for! 1! hour! at! 65! oC! in! the! hybridization! mix! (750! mM! NaCl,! 75! mM!




oC,! for! 5! and! 20!minutes! respectively,! in! 300!mM!NaCl,! 30!mM! sodium! acetate,!
0.1%!(w/v)!sodium!dodecylsulphate,!pH!7.!Filter!regeneration!was!done!by!pouring!
a! boiling! solution! of! 5! mM! sodium! phosphate! (pH! 7.5)! and! 0.1%! (w/v)! sodium!




Biological! replicates! were! run! in! duplicate.! Two! independent! RNA!
extractions! were! obtained! from! biological! replicates.! The! same! array! was!
hybridized! in! successive! uses!with! cDNA! obtained! from! cells! grown! in! normoxia,!








Dynamics.Amersham! Biosciences,! Little! Chalfont,! UK).! Signal! quantification! was!
performed! with! Array! Vision! software! (Molecular! Dynamics.Amersham!
Biosciences,!Little!Chalfont,!UK).!




in! the! wild! type! than! in! the! mutant! strain! the! ratio! wt/Δixr1! was! calculated!
(activation!ratio).!To!find!those!genes!which!were!expressed!at!higher!levels!in!the!
mutant!than!in!the!wt!strain!the!ratio!Δixr1/wt!was!calculated!(repression!ratio).!A!
t.test! was! applied! to! evaluate! the! differences! between! means.! Genes! were!
considered! to! be! differentially! expressed! in! the! two! strains! (wild! type! and!Δixr1!
mutant)!or! in!response!to!different!culture!conditions! (normoxia,!hypoxia!or!shift!
from!normoxia!to!hypoxia)!if!they!satisfied!both!a!p.value!lower!than!0.05!in!the!tJ
test! statistical! evaluation! of! differences! between! means! and! at! least! a! two.fold!
change! in! expression! levels.! The! original! data! from! this! study! are! available! from!
GEO!(http://www.ncbi.nlm.nih.gov/geo/info/linking.html);!the!accession!number!is!
GSE30046.! The! data! were! processed,! clustered! and! analyzed! using! the! bio.
informatics! tools!of!Genespring! (Agilent!Technologies,! Palo!Alto,!California,!USA).!
Processed! data! from! differentially! expressed! genes! (DEGs)! are! available! through!
supplementary!material!online!resources!accompanying!this!paper.!!
!Functional! distribution! of! genes! in! the! differentially! regulated! clusters!
was! analyzed! using! FunSpec! (http://funspec.ccbr.! utoronto.ca/)! developed! by!
Robinsons! and! coworkers! (Robinson!et+ al.! 2002).! The!MIPS! Functional! Catalogue!
Database! (FunCatDB)! was! used! in! the! analyses! (http://mips.helmholtz.
muenchen.de/proj/!funcatDB/).!!!For!these!analyses!a!p.value!lower!than!0.01!was!
selected.! These! p.values! represent! the! probability! that! the! intersection! of! one!










Total! RNA! isolated! with! the! NucleoSpin! RNAII! kit! (MACHEREYJNAGEL!
GmbH!&!Co.!KG,!Düren,!Germany)!was!converted!into!cDNA!and!labeled!with!the!
KAPA! SYBR! FAST! universal! oneJstep! qRTJPCR! kit! (Kapa! Biosystems,! Inc,!Woburn,!
Massachusetts,! USA).! PCR! primers! for! individual! genes! selected! after! the!
microarray! analysis! were! designed!with! the! Universal! ProbeLibrary! Assay! Design!
Center! developed! by! Roche! Diagnostics! Corp.,! Indianapolis,! Indiana,! USA!
(https://www.rocheJappliedJscience.com/sis/rtpcr/upl/index.jsp?id=!
uplct_030000)!to!generate!60J85!base!pairs!amplicons!with!a!Tm!of!59!or!60°C.!The!
ECO! RealJTime! PCR! System! was! used! for! the! experiments! and! calculations!
(Illumina,! Inc.,! San! Diego,! California,! USA).! Three! independent! RNA! extractions!
were!assayed!for!each!strain!or!condition.!The!mRNA!levels!of!the!selected!genes!
were! corrected! by! the! mRNA! levels! of! TAF10,! a! gene! previously! verified! to! be!
constitutive! in!the!assayed!conditions!and!not!affected!by+the!Δixr1!deletion.!A!tJ





The! expression! of! the! whole! set! of! genes! in! wild! type! and+ Δixr1+ S.+
cerevisiae!haploid!strains!were!first!compared!under!normoxic!growth.!Analysis!of!





clustered! with! Genespring! using! the! gene! tree! clustering! method,! measuring!
similarity! by! standard! correlation,!with! a! separation! ratio! of! 0.5! and! a!minimum!
distance! of! 0.001! (Figure! 1a).! The!whole! data! sheet! of! these! DEGs! and! relevant!
functional!annotations!as!reported!by!Genespring!is!available!through!Table!S1.!
A!total!of!248!genes!are!expressed!at!higher! levels! in!the!mutant!than!in!
the! wild! type! strain.! Functional! distribution! (according! to! MIPS! Functional!
Classification)! of! the! genes! from! these! clusters! was! analyzed! with! FunSpec! and!
functional!groups!that!are!over!represented!in!these!clusters,!according!to!the!cut!
p.value! selected,! are! summarized! in! Table! 1! with! the! statistical! parameters! for!
each! group.! Representative! groups! include! genes! of! the! sulphate! assimilation!
pathway,!stress!response,!oxidative!stress!response,!vacuolar!protein!degradation!
or!pyrimidine!metabolism.!!
Only!74!genes!are!expressed!at!higher! levels! in!the!wild!type!than! in!the!
mutant.! Over! represented! functional! groups! (Table! 2)! include! genes! of! the!
biosynthesis!of!the!branched!chain!(BC)!amino!acids!valine,!isoleucine!and!leucine!
(VIL),!sugar!and!purine!metabolism!and!ion!transporters.!Regarding!Ixr1.mediated!
regulation! of! genes! related! to! carbohydrate! metabolism! we! have! found! that!
several! genes,! which! are! necessary! for! producing! enzymes! from! the! glycolytic!
















3.2.;% Effects% of% IXR1% deletion% on% the% S.+ cerevisiae% transcriptome% during% hypoxic%
growth%
For!hypoxic!growth,!cells!well! inoculated!in!media!supplemented!with!20!
mg/L! ergosterol! and! 0.5%! Tween! 80! to! OD600! =! 0.05! and! cultured! overnight! in!
anaerobic! jars.! In! these! conditions,! statistical! analysis! of! the! DNA.array! data! as!
previously! described! revealed! a! total! of! 536! DEGs! in! wild! type! and! Δixr1+ S.+
cerevisiae+strains.!The!whole!data!sheet!of!these!DEGs!is!available!through!Table!S2!












MIPS%functional%group% p;value% Genes%in%category%from%cluster% ĸ+ ƒ+
Sulfate!assimilation!%
[01.02.03.01]% 3.67!x!10



























(solid! line)! and! its! derivative! BY4741JΔixr1!
strain! (dashed! line)! in! YP! with! different!
carbon!sources!as!indicated!and!explained!in!
Materials! and! methods.! n=3! and! standard!







Table% 2.! Enriched! functional! gene! groups!whose! expression! in! the!Δixr1! strain! is! lower!
than!in!the!wild!type!(BY4741)!during!normoxia!
MIPS%functional%group! p;value! Genes%in%category%from%cluster! ĸ! ƒ!
Biosynthesis!of!valine!
[01.01.11.03.01]! 2.14!x!10
J4! ILV6+BAT1+ILV3+ILV5! 4! 6!
Biosynthesis!of!isoleucine!
[01.01.11.02.01]! 1.33!x!10









J2! BAT1+ILV5+LEU9! 3! 8!
Glycolysis!and!
gluconeogenesis![02.01]! 8.44!x!10
























metabolic! flux! regulation! (MIPS! codes! [01.02.07],! [01.01.13]! and! [01.05.25]).!
During!hypoxic! growth!178! genes! are! expressed! at! higher! levels! in! the!wild! type!
than!in!the!Δixr1+mutant!strain.!Enriched!functional!groups,!as!revealed!by!analysis!
with! FunSpec! (Table! 4),! include! genes! from! the! metabolism! of! methionine! and!





Table% 3.! Enriched! functional! gene! groups! whose! expression! in! the!Δixr1! strain! is! higher!
than!in!the!wild!type!(BY4741)!during!hypoxia!




































































































Table%4!Enriched!functional!gene!groups!whose!expression! in!the!Δixr1!strain! is! lower!
than!in!the!wild!type!(BY4741)!during!hypoxia!















































and! then! hypoxia! was! generated! by! bubbling! nitrogen! in! the! flasks! at! constant!






and! their! clustering,! using! Genespring! in! the! conditions! previously! specified,! is!
shown!(Figure!1c).%
In!this!experimental!condition!only!20!genes!are!expressed!at!higher!levels!
in! the!mutant! than! in! the!wild! type! strain,!while! the!majority! of! genes,! 482,! are!
expressed!at!higher!levels!in!the!wild!type!than!in!the!mutant.!!
Several!genes!encoding!for!different!subunits!of!cytochrome!c!oxidase!or!
related! to! petite! phenotype! caused! by!mitochondrial! dis.function! are! also! found!
among! the!genes!expressed!at!higher! levels! in! the!wild! type! than! in! the!mutant.!!
However,!analysis!with!FunSpec!(Tables!5!and!6)!reveals!that!few!functional!groups!
are! over.represented! among! these! DEGs.! Some! genes! related! with! cell! aging! or!
dead!are!included!as!significant!groups.!!
A!comparison!of!the!DEGs!that!are!affected!by!the!Δixr1!mutation!during!
long.term! hypoxia! (anaerobic! jars)! and! during! the! shift! from! aerobic! to! hypoxic!
conditions!reveals!that!there!is! little!overlap.!Only!eight!genes!are!co.regulated!in!
both!conditions.!Four!genes!are!expressed!at!lower!levels!in!the!mutant!than!in!the!
wild! type! strain! (PSA1,!SED1,!DSE2! and! YJL016)! and! the!others! (GPX2,! YFR049W,!
YGL177W,!YOR097C)!are!expressed!at!higher!levels!in!the!mutant!than!in!the!wild!
type!strain.!
Table%5.! Enriched! functional! gene!groups!whose!expression! in! the!Δixr1! strain! is!higher!
than!in!the!wild!type!(BY4741)!after!the!hypoxic!shift!
































3.4.;% Effect% caused%by% IXR1% deletion%upon%expression%of%hypoxic%genes%or%genes%
essential%to%anaerobic%growth.%%
The!first!transcriptional!function!of!Ixr1!described!in!the!literature!was!as!
aerobic! repressor! of! the! hypoxic! gene! COX5B! (Lambert! et+ al.! 1994),! however!
experimental! data! supporting! that! Ixr1! regulates! mRNA! levels! of! other! hypoxic!
genes!are! limited! to!a! few! reports! (Bourdineaud!et+al.! 2000;!Castro!et+al.! 2010a;!
Castro!et+al.!2010b).!!
Since! hypoxic! genes! are! distributed! over! different! functional! groups! in!




complete! set!of! analyzed!genes! is! listed! in! Table! S4)!were! selected!among! those!
previously! defined! to! be! induced! during! the! anoxic/hypoxic! response! in! S.+
cerevisiae!(Kwast!et+al.!2002;!Becerra!et+al.!2002)!as!well!as!among!those!which!are!
essential! during! anaerobic! or! hypoxic! growth! according! to! our! search! in! SGD!
(Saccharomyces+Genome! Data! Bank;! http://www.yeastgenome.org/).! The! results!
obtained! revealed! that! significant! changes! affected! by! IXR1! deletion! were! not!







they! have! diverse! functions.! However,! the! number! of! genes! repressed! during!
normoxia! is! higher! (14! genes)! and! includes! several!members! of! the! seripauperin!
multigene! family,! negatively! regulated! by! oxygen! and! heme.! Among! the! genes!
repressed!by! Ixr1!during!hypoxic!conditions! (22!genes)! there!are!also!genes! from!
the!seripauperin!multigene!family,!genes!related!to!fatty!acid!(OLE1)!or!ergosterol!













!! !!! GPM1+ YKL152C! +3.5! +1.8! !! !! OLE1+ YGL055W!! nc! J10!
!! !! EGD1+ YPL037C! nc! +2.6! !! !! TIR1+ YER011W!! nc! J5!
!! !! CWP1+ YKL096W! nc! +2.2! !! !! ADH2+ YMR303C! nc! J5!
!! !! GTT1+ YIR038C! nc! +2.1! !! !! DAN1+ YJR150C!! nc! J5!
!! !! TDH3+ YGR192C! +7.4! nc! !! !! ADH5+ YBR145W! nc! J5!
!! !! HEM3+ YDL205C!! +4.9! nc! !! !! GLK1+ YCL040W! nc! J5!
!! !! CDC19+ YAL038W! +2.3! nc! !! !! MOT3+ YMR070W!! nc! J5!
!! !! SKN7+ YHR206W!! +2.1! nc! !! !! ERG4+ YGL012W! nc! J3.3!
!! !! HEM4+ YOR278W!! J10! nc! !! !! ERG11+ YHR007C! nc! J3.3!
!! !! MSC1+ YML128C! J5! nc! !! !! HES1+ YOR237W! nc! J3.3!
!! !! PAU2+ YEL049W! J5! nc! !! !! YNL234W+ YNL234W!! nc! J3.3!
!! !! HXK1+ YFR053C! J5! nc! !! !! TPS2+ YDR074W! nc! J3.3!
!! !! SPI1+ YER150W! J3.3! nc! !! !! PAU21+ YOR394W! nc! J3.3!
!! !! TIR3+ YIL011W!! J3.3! nc! !! !! YEL047C+ YEL047C!! nc! J3.3!
!! !! GSY2+ YLR258W! J2.5! nc! !! !! GPD2+ YOL059W! nc! J3.3!
!! !! DBP7+ YKR024C!! J2.5! nc! !! !! ADH3+ YMR083W!! nc! J2.5!
!! !! UGP1+ YKL035W! J2.5! nc! !! !! RIM101+ YHL027W!! nc! J2.5!
!! !! KGD1+ YIL125W! J2! nc! !! !! GLC3+ YEL011W! nc! J2.5!
!! !! SSE2+ YBR169C! J2! nc! !! !! LPD1+ YFL018C! nc! J2!
!! !! HSP78+ YDR258C! J2! nc! !! !! PFK2+ YMR205C! nc! J2!
!! !! AAC1+ YMR056C!! J2! nc! !! !! GSY1+ YFR015C!! nc! J2!









Table% 8.! Gene! expression! changes! in! wild! type! and! Δixr1+ S.+ cerevisiae!
strains!observed!in!the!qRTJPCR!approach!!
Growth%condition% Gene% Fold%change*% p;value%
Normoxia! MET1+ +2.0! 0.000035!
Normoxia! MET5+ +1.5! 0.002383!
Normoxia! MET16+ +1.5! 0.001295!
Normoxia! MET28+ nc! J!
Normoxia! MET32+ +2.2! 0.004081!
Normoxia! GRX1+ +5.8! 0.025885!
Normoxia! MXR1+ J1.4! 0.034799!
Normoxia! HSP12+ +1.7! 0.023660!
Normoxia! BAT1+ J1.8! 0.011491!
Normoxia! BAT2+ +2.4! 0.015641!
Normoxia! GPM1+ J2.6! 0.003157!
Normoxia! HEM4+ +1.6! 0.013508!
Normoxia! PAU2+ +1.9! 0.012722!
Normoxia! TIR3+ +1.6! 0.014961!
Normoxia! TIR4+ +1.6! 0.017020!
Normoxia! SPI1+ +2.1! 0.000447!
Hypoxia! MET1+ J1.6! 0.017822!
Hypoxia! MET5+ J1.6! 0.026961!
Hypoxia! MET16+ J1.7! 0.006591!
Hypoxia! MET28+ nc! J!
Hypoxia! MET32+ J1.8! 0.000015!
Hypoxia! GRX1+ J1.5! 0.035506!
Hypoxia! MXR1+ J1.9! 0.022183!
Hypoxia! HSP12+ +3.2ns! 0.111730!
Hypoxia! BAT1+ +1.6! 0.002467!
Hypoxia! BAT2+ +2.1! 0.025333!
Hypoxic!shift! COX7+ nc! J!
Hypoxic!shift! COX9+ J1.3! 0.042918!








The! 20! genes! selected! for! this! validation! as! well! the! sequences! of! the!
designed! primers! are! listed! in! Table! S5.! The! results! obtained! are! summarized! in!
Table!8!and!they!confirmed!the!data!obtained!in!the!DNAJarray!approach!with!the!
following! exceptions.! Among! the! genes! selected! from! the! sulphate! assimilation!
pathway,!MET28!was!not! repressed!by! Ixr1!during!normoxia!using! this!approach.!





its! ability! to! bind! DNA! modified! by! the! anticancer! drug! cisplatin! (cis.




and! repair! (Tsaponina!et+al.,! 2011).!We!have! studied! the!effects!of! IXR1! deletion!
upon! the! transcriptome! of! S.+ cerevisiae! cells! from! the! BY4741! strain! grown! in!
aerobic!and!hypoxic!conditions!or!after!a!shift!from!aerobic!to!hypoxic!conditions.!!
4.1.;%Ixr1%and%the%control%of%hypoxic%genes%
It! has! been! previously! reported! that! Ixr1! causes! aerobic! repression! of!
three!hypoxic!genes!COX5B!(Lambert!et+al.,!1994),!TIR1!(Bourdineaud!et+al.,!2000)!
and!HEM13!(Castro!et+al.,!2010a).!In!the!normalized!data!sheet!obtained!from!the!
DNAJarray! expression! analysis,! the! expression! of! COX5B! during! aerobic! growth!
increases! 2.3! folds! in! the!Δixr1! strain! in! reference! to! the!wild! type.! In! a! parallel!






respectively.!During!hypoxic!growth,! it!has!been!reported!that! Ixr1! is!an!activator!
of!HEM13! (Castro!et+al.,! 2010a).! In! the!normalized!data! sheet!obtained! from!the!
DNA.array!expression!analysis,!the!hypoxic!expression!of!HEM13!decreases!1.6!fold!
in!the!Δixr1!strain!with!reference!to!the!wild!type!strain.!It!can!be!concluded!that!




ones! (Table! 9).! This! comparison! of! results! obtained! by! different! approaches!
suggests!that!the!methods!used!in!this!work!allow!the!identification!of!genes!that!
are!differentially!expressed!in!wild!type!and!Δixr1!strains!in!the!growth!conditions!







































indicate! that! the! aerobic! repression!of!HEM4! could!be!mediated!by! Ixr1.! Several!
genes!from!Table!7!repressed!by!Ixr1!during!normoxia!belong!to!the!seripauperin!
family!(PAU2,+TIR3+and+TIR4).!UpJregulation!of!these!three!genes,!as!well!as!SPI1,!in!
the!Δixr1! strain! has! been! verified! by! qRTJPCR! (Table! 8).! The! hypothesis! that! the!
anaerobic!induction!of!this!PAU!gene!family!influence!cell!wall!porosity!and!may!be!
necessitated! in! part! by! the! changes! in! membrane! fluidity! that! occur! under!
anaerobiosis!has!been!raised!(reviewed! in!Smits!et+al.,!1999).!However!the!genes!
belonging! to! this! family! are! apparently! regulated! by! a! Rox1.independent!
mechanism! (Kwast! et+ al.,! 2002)! and! its! regulation! has! been! associated! to! other!
transcriptional!factors!(Abramanova!et+al.,!2001a;!Abramanova!et+al.,!2001b).!Our!
data!suggest!that!at! least!part!of!the!members!of!this!PAU!gene!family!as!well!as!






The! molecular! mechanisms! of! the! positive! or! negative! effects! of! Ixr1! upon!
expression!of!different!genes,!or!even! if! these!effects!are!direct!or! indirect! in!the!
assayed! conditions,! are! not! known.! Nevertheless,! this! dual! behavior! has! been!
previously! found! studying! the! regulatory! effect! of! Ixr1! upon! other! promoters!
(Bourdineaud!et+al.,!2000;!Castro!et+al.,!2010a)!and! is!actually!under!study! in!our!








that! several! genes! encoding! for! subunits! of! the! enzyme! cytochrome! c! oxidase!
(COX7,+ COX8+ and+ COX9)! or! related! to! the! process! of! RNA! splicing! of! COX1!
transcripts! (MSS18)! are! expressed! at! lower! levels! in! the!Δixr1! strain! than! in! the!
wild.type!strain!during!the!hypoxic!shift.!The!qRTJPCR!validation!(Table!8)!confirms!
that!COX9!and!MSS18!are!at! least! regulated!by! Ixr1.!This!might! indicate! that! Ixr1!
transcriptional! regulation! takes! part! in! the! mechanism! of! sensing! oxygen! levels!
that!has!been!attributed!to!cytochrome!c!oxidase!in!eukaryotic!systems!(Kwast!et+
al.,! 1999).! It! has! been! described! that! the! turnover! rate! of! cytochrome! c! oxidase!
increases! during! the! anaerobic! shift! and! that! this! increase! cannot! be! explained!
merely!by!replacing!the!aerobic!isoform!Va!of!cytochrome!c!oxidase!subunit!V!with!
the!more!active!hypoxic!isoform!Vb!(David!and!Poyton,!2005).!Since!Ixr1!activates!




Ixr1! during! normoxic! growth! (Table! 2)! and! we! have! verified! (Figure! 2)! that!
differences! of! growthJrate! between! BY4741! wild! type! and!Δixr1! strains! are! not!
detected!in!glucose!or!galactose,!but!are!observed!in!glycerol.!Probably!growth!in!
hexoses! is! possible! through! the! pentose! phosphate! pathway,! even! when! the!
glycolytic! pathway! is! downJregulated! in! the! Δixr1+ strain.! Oppositely,! growth! in!
glycerol! requires!GPM1+which! is!downJregulated! in! the!Δixr1+strain! (Tables!2!and!
8).!!
4.3.;%Ixr1%and%the%control%of%the%sulphate%assimilation%pathway%
After! functional! clustering! of! DEGs! we! have! found! that! Ixr1! regulates! a!




energetic,! the! metabolism! of! sulphur! and! branched.chain! (BC)! amino! acids! and!
DNA! synthesis! in! a! way! that! is! highly! dependent! on! oxygen! availability.!
Interestingly,! the! sign! of! Ixr1.mediated! regulation,! positive! or! negative,! change!
when! we! compare! the! expression! of! functional! groups! of! genes! in! cells! grown!




during! normoxic! growth! (repressed! by! Ixr1)! and! down.regulated! in! the! mutant!
during!hypoxic!growth!(activated!by!Ixr1).!!Besides!the!genes!shown!in!Tables!1!and!
4,! a! direct! inspection! of! Table! S1! allows! the! identification! of! two! other! genes,!
encoding! transcriptional! factors! related! to! the! sulphate! assimilation! pathway,!
MET28! and!MET32,+which! were! not! present! in! the! list! of! genes! obtained! using!
FunSpec.! Three! genes! from! this! pathway! are! oppositely! regulated! by! Ixr1!
accordingly! to!oxygen! levels.! ! In! the!Δixr1!mutant! strain,! the! genes!MET5,!MET1!
and! MET16! are! up.regulated! during! normoxia! but! are! down.regulated! during!
hypoxia! (Tables! 1,! 4! and! 8).!MET5! encodes! for! the! beta.subunit! of! the! enzyme!
sulphite! reductase! (Thomas! et+ al.,! 1992).! MET1+ encodes! for! the! enzyme! S.




3'.phosphoadenylyl! sulphate! to! adenosine.3',5'.bisphosphate! and! free! sulphite!
using! reduced! thioredoxin! as! co.substrate! (Thomas! et+ al.,! 1990).! An! essential!
function!of!the!sulphur.pathway!is!its!involvement,!through!S.adenosylmethionine,!
in!the!biosynthesis!of!polyamines!(Thomas!&!Surdin.Kerjan,!1997).!Other!essential!







genes! from! the! sulphate! assimilation! pathway! is! related! to! the! oxidative! stress!
response! and! three! genes! of! glutaredoxins! are! up.regulated! in! the!Δixr1!mutant!
during! normoxic! growth! (Tables! 1! and! 8),! but! down.regulated! during! hypoxic!
growth!(Tables!4!and!8).!
!
Figure% 3.! Regulatory! role! of! Ixr1! on! the! sulphate! assimilation! pathway! and! interconnected! routes! as!
deduced!from!the!transcriptome!analysis.!Dashed!lines!indicate!that!several!individual!steps!have!been!
omitted! or,! when! signaled,! that! the! compound! is! a! cofactor! of! other! catalyzed! reaction.! DownJ
regulation!(down!directed!arrow)!by!Ixr1!during!normoxia!(O2)!or!upJregulation!(up!directed!arrow)!by!
Ixr1!during!Hypoxia!(Hy)!is!indicated!for!each!regulated!gene.!
Grx1p! is! a! glutathione.dependent! disulphide! oxidoreductase! induced! by!






al.,! 2002)! and! the! data! above! commented! reveals! that! Ixr1.mediated! regulation!
during!hypoxia!might!enhance!a!protective!defense!against!oxidative!stress.!!
4.4.;%Ixr1%and%the%control%of%the%biosynthesis%of%the%branched%chain%amino%acids%
Among! the! functional! gene.groups! that! are! positively! regulated! by! Ixr1!
during!normoxic!growth!and!negatively!regulated!during!hypoxic!growth!are!those!
related! to! the! biosynthesis! of! the! BC! amino! acids! L.valine,! L.isoleucine! and! L.
leucine! (VIL).! The! metabolic! pathways! and! the! observed! effects! of! Ixr1! upon!
transcript! levels! of! the! corresponding! genes! are! summarized! in! Figure! 4.! ! The!
regulatory!effect!caused!by!Ixr1!during!normoxic!growth!would!favor!the!BC!amino!
acid!anabolism,!while!during!hypoxia!their!biosynthesis!would!be!repressed.!BAT1!
is! one! of! the! genes! down.regulated! in! the!Δixr1! strain! during! normoxic! growth!
(Tables! 2! and! 8)! and! it! encodes! for! the! BC! amino! acid! aminotransferase! that!
catalyzes!the!transfer!of!amino!groups!between!the!amino!acids!valine,!isoleucine,!
and! leucine! and! their! corresponding! α.keto.acids.! α.keto.acids! are! biosynthetic!
precursors!of!fusel!alcohols,!which!influence!the!aroma!and!flavor!of!yeast.derived!
fermentation! products.! It! has! been! recently! proposed! that! in! S.+ cerevisiae! BAT1!
and! BAT2+ are! paralogous! genes,! 77%! identical! to! each! other,! coming! from! a!
multifunctional! common! ancestor! (Colón! et+ al.,! 2011).! The! aminotransferases!
encoded!by!these!genes!are!required!for!both!BC!amino!acid!biosynthesis!and!the!
Ehrlich! pathway! amino! acid! catabolism,! but! along! evolution! there! has! been! a!
specialization! of! their! function! and! cellular! localization.! BAT1! encodes! the!
mitochondrial! and! BAT2! the! cytosolic! isoforms! respectively.! BAT1! is! highly!
expressed! under! biosynthetic! conditions,!while!BAT2! expression! is! highest! under!
catabolic!conditions!(Colón!et+al.,!2011).!It!is!possible!that!Ixr1!mediated!regulation!
might!also!contribute! to! this! change! in! the!expression!of! these!paralogous!genes!
and,!in!general,!to!other!genes!in!order!to!accommodate!to!the!different!catabolic!







biosynthetic! pathways,! however! during! hypoxia,! due! to! the! minor! efficiency! of!




contributes! to! the! changes!necessary! to!adapt! yeast! cells! to!hypoxia,! but! also! to!
oxidative! stress! conditions.! Besides,! Ixr1! regulates! the! levels! of! transcripts!
encoding! enzymes! and! regulators! of! metabolic! pathways! that! are! profoundly!
remodeled! to! adapt! the! use! and! production! of! cellular! energy! to! oxygen!
availability.!Remodeling!of!the!sulphate!assimilation!pathway!is!of!interest!in!wine!
and!beer!biotechnology.!!
Metabolic! pathways! producing!α.keto.acids! are! also! of! biotechnological!
importance,! because! they! are! biosynthetic! precursors! of! fusel! alcohols,! which!
influence!the!aroma!and! flavor!of!yeast.derived! fermentation!products.!As!above!
discussed,! the! transcriptome! analysis! here! presented! indicates! that! Ixr1! is!
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In! Saccharomyces+ cerevisiae,! adaptation! to! low! oxygen! levels! leads! to!
deep!changes!in!cell!metabolism.!The!implications!of!Ixr1!in!the!regulation!of!genes!
related!to!the!hypoxic!and!oxidative!stress!responses,!and!also!to!the!re.adaptation!
of! catabolic! and! anabolic! fluxes! in! response! to! oxygen! limitation,! have! been!
previously! described.! Although! the! promoters! of! several! genes! (HEM13,+ COX5B,+
TIR1,+ IXR1+ or+ ROX1)! have! been! experimentally! studied! in+ vivo! and/or! in+ vitro,! a!
general! consensus! for! Ixr1!binding! in! a!DNAEsequence! specific!way!has!not! been!
well! established! yet.! In! the! present! study,! ChIPEonEchip! analysis! of! Ixr1! DNAE
binding! sites! both! during! normoxia! and! hypoxia! revealed! low! enrichment! in!
promoter! regions,! ranging! from!50%! to!60%!of! the! total! significant!binding! sites.!
Regulation! of! transcription! by! Ixr1! is! mainly! attributable! to! indirect! or! transient!
mechanisms,! instead! of! stable! binding! to! regulated! promoters,! as! deduced! from!
the! low!overlap!obtained!between!transcriptome!and!ChIPEonEchip!data.!Besides,!
ChIPEonEchip! analyses! of! Rox1! DNAEbinding! under! normoxia! were! done,! and! its!
participation!in!a!crossEregulation!between!Rox1!and!Ixr1!is!also!discussed.!
1.@*INTRODUCTION*
The! first! report! about! the! participation! of! Ixr1! in! the! yeast! hypoxic!
response!was!done!more!than!twenty!years!ago,!when!Lambert!and!col.!published!
that!Ixr1!causes!aerobic!repression!of!the!COX5B!gene,!which!encodes!the!hypoxic!
isoform! of! the! subunit! Vb! of! the! mitochondrial! complex! cytochrome! c! oxidase!
(Lambert!et+al.,!1994).!Along! these!years! this! transcriptional! factor!has!also!been!
related! to! other! hypoxic! genes! like!TIR1,+a+ cell!wall!mannoprotein! of! the! serine.
alanine.rich!protein!familly+(Bourdineaud!et+al.,!2000)!and!HEM13,!which!encodes!





identification! of! the!whole! set! of! genes! that! are! regulated! by! changes! in!mRNA!
levels! during! the! hypoxic! response! by! an! Ixr1Edependent! mechanism! (VizosoE
Vázquez!et+al.,! 2012).!However,! very! little! is! known!about! the! interaction!of! Ixr1!
with!the!promoters!of!the!target!genes.!!
The! analysis! of! the! amino! acid! sequence! of! Ixr1! reveals! two! HMGEbox!
domains,!which!have!been!related!to!interaction!with!DNA!in!other!transcriptional!
regulators!(Jantzen!et+al.,!1990;!Oosterwegel!et+al.,!1991;!Waterman!et+al.,!1991).!
Although! the! folding! of! HMGEboxes! is! well! conserved! in! the! HMGB! proteins!




nucleotide! sequence! (NSS)! but! a! specific! DNA! structure! (Bruhn! et+ al.,! 1992;!
Landsman!&!Bustin,! 1993;!Grosschedl! !et+ al.,! 1994).!Modelling! of! the! two!HMGE
boxes! from! Ixr1! and! comparison! with! experimentally! determined! structures! of!
other! HMGEboxes,! previously! classified! as! DNA! binding! domains! with! DNAE
sequence!specificity!or!with!DNAEstructure!specificity,!predicts!that!binding!of!Ixr1!
to! DNA! might! be! structureEspecific! through! the! first! HMGEbox! and! sequenceE
specific!through!the!second!(CastroEPrego!et+al.,!2010a).!!
The!existence! in!S.+cerevisiae+of!a!general!consensus!for! Ixr1!binding! in!a!
DNAEsequence! specific! way! has! not! been! well! established! yet.! Although! the!
promoters!of!five!genes!have!been!experimentally!studied!in+vivo!and/or!in+vitro,+it!
is! still! a! matter! of! controversy.! Binding! of! Ixr1! to! COX5B! promoter! was! studied!
(Lambert!et+al.,!1994)!by!electrophoretic!mobilityEshift!assays!(EMSA)!and!using!a!
DNA! probe! of! 44Ebp! (E239! to! E195),! which! mediated! the! aerobic! repression! of!
COX5B! transcription! (Hodge!et+al.,!1990).!This!DNA!probe!contained! in! the!direct!








1990).! ! Two! sequences! in! the! TIR1! promoter! (E299! to! E251! and! E218! to! E156)!
allowed! constitutive! normoxic! expression! of! the! gene! and! bound! Ixr1! in! EMSA!
(Bourdineaud!et+al.,!2000);!it!was!shown!that!Ixr1!could!bind!to!probes!deleted!for!
either! of! the! two! boxes,! but! could! not! bind! when! both! boxes! were! removed!
(Bourdineaud! et+ al.,! 2000).! Ixr1! is! necessary! for! the! high! expression! of! HEM13!
under! hypoxic! conditions! and! its! function! is! exerted! in+ vivo! through! the!HEM13!
promoter! region! extending! from! E577! to! E419! (Castro! et+ al.,! 2010a).! Chromatin!
immuneEprecipitation!(ChIP)!analyses!showed!that!Ixr1!binds!in+vivo!to!the!HEM13!
promoter! both! under! aerobic! and! under! hypoxic! conditions! (CastroEPrego! et+ al.,!
2010a).! In+ vitro! studies!by!EMSA!demonstrated! that! Ixr1!binds! to! two! sequences!
extending! from! E534! to! E509! and! from! E497! to! E450,! which! competed! between!
them!and! from!which! the!consensus!KTTSAAYKGTTYASA!was!deduced! (Castro!et+
al.,! 2010a).! The! sequence! underlined! in! the! consensus! represents! a! degenerate!
form! of! the! core! in! the! consensus! for! Rox1! binding! (ATTGTT).! Indeed! the! actual!
sequence! for! Rox1! binding! to! the! HEM13! promoter! in! aerobic! conditions!
(TTTCAATTGTTTAGA)! extends! from! positions! E476! to! E462! and! was! therefore!
included! in! the! alignment! to! deduce! the! consensus! (CastroEPrego! et+ al.,! 2010a).!
Ixr1!also!binds!to!the!region!E300!to!E102!of!the!YOL104w!promoter,!which!contains!
a! sequence! (from! E175! to! E161)! matching! the! deduced! consensus!
KTTSAAYKGTTYASA! (CastroEPrego! et+ al.,! 2010a).! Using! a! general! wideEgenome!
approach!to!identify!specific!sequences!for!binding!of!all!S.+cerevisiae!transcription!
factors!the!consensus!AArcmrgRAGCGGkG!was!deduced!for!Ixr1!binding!(MacIsaac!
et+al.,!2006).!Curiously! Ixr1!autoEactivates! the!expression!of! the! IXR1!gene!during!






As! reported,! some! data! argue! in! favour! of! a! possible! competition! or!





intrinsic! difficulty! of! characterizing! the! nature! of! the! binding! of! Ixr1! to! the!DNA,!
since! it! has! two! HMGEboxes! with! structureEspecificity! and! sequenceEspecificity!
respectively,!make!it!necessary!a!wholeEgenome!approach.!In!this!work!we!present!
the!data!of!ChIPEonEchip!analyses!carried!out!with!S.+cerevisiae!strains!in!which!the!





























as!previously!described! (Zitomer!&!Hall,! 1976).! For!ChIPEonEchip!experiments! the!
cultures!were! inoculated!at! initial!OD600!of!0.1! in!200!mL!SD!(6.7!g!of!bactoEyeast!
nitrogen!base!without!amino!acids!from!Difco!(Franklin!Lakes,!New!Jersey,!USA);!40!
mg! each! of! histidine,! leucine,! adenine,! uracil! and! tyrosine,! 10!mg! of!methionine!
and!30!mg!tryptophan;!2%!glucose!(w/v))!and!grown!in!1!L!Erlenmeyer!flasks!at!30!
oC! and! with! agitation! at! 250! rpm! in! the! normoxic! or! hypoxic! conditions.! During!
hypoxic! growth,! cells!were! cultured!overnight! in!anaerobic! jars!with! the!GasPack!











ECV698AV! GTGATCTTCGGCTCGGC!! ROX1+ W! E554!
ECV699AV! AAGAGATGAAGGTTACGATTGGT!! URA3+ C! +592!
ECV700AV! TTGTACTTGGCGGATAATGC!! URA3+ W! +234!







Chromatin! immunoprecipitation! experiments! were! carried! out! as!
described!previously!(Lee!et+al.,!2002)!with!minor!modifications.!Shortly,!200!mL!of!
yeast! culture! were! collected! at! OD600! of! ≈! 0.9E1.! Crosslinking! was! performed! by!
adding!1%!formaldehyde!to!the!culture!and!incubating!at!room!temperature!for!20!
min.! 125!mM!of! glycine!was! then! added! and! culture!was! incubated! 5!min.! Cells!
were!then!harvested!and!washed!four!times!with!50!ml!TrisEHCl!buffer!saline! (20!
mM!TrisEHCl,!pH!7,5,!150!mM!NaCl)! at!4! oC.! The!cell!breakage!was!performed! in!
800!µL!of!lysis!buffer!(50!mM!HEPESEKOH,!pH!7,5,!140!mM!NaCl,!1!mM!EDTA,!1%!
Triton!XE100,!0,1%!sodium!deoxycholate,!2X!complete!protease! inhibitor!cocktail,!
Roche,! and!2X! complete!phosphatase! inhibitor! cocktail,! Roche)!with! glass! beads;!
cell!extracts!were!sonicated!for!5!min!in!10!sec!on/59!sec!off!cycles!(chromatin!was!
sheared! into! an! average! size! of! 400! bp).! Immunoprecipitations! were! performed!
with! magnetic! Dynabeads! (Invitrogen)! following! the! manufacturer’s! instructions!
and!using!antiE(cEMyc)!antibodes! (sc47694;!Santa!Cruz!Biotechnology)! for! specific!
Ixr1–(cEMyc)! immunoprecipitation.! Negative! controls,! with! rabbit! IgG!
immunoprecipitation,! were! also! performed.! Samples! were! washed! three! times!
with!1!mL!of! Lysis!Buffer,! three! times!with!1!mL!of! lysis!buffer!high! salt! (50!mM!
HEPESEKOH,! pH! 7,5,! 500! mM! NaCl,! 1! mM! EDTA,! 1%! Triton! XE100,! 0,1%! sodium!





day,! immunoprecipitated! DNAs! were! cleaned! with! the! kit! USB! PrepEase! DNA!







oprecipitation%20Assay%20Protocol.pdf).! Immunoprecipitation! enrichment! was!
checked! by! realEtime! qPCR! against! promoter! regions! of! TIR1,! IXR1,! ROX1! and!
HEM13! (Table! 2),! which! are! known! to! bind! the! Ixr1! protein! and!
immunoprecipitated!using! the! specific! antibody! (Bordineaud!et+ al.,! 2000;! CastroE
Prego!et+al.,! 2010a;!CastroEPrego!et+al.,! 2010b).!At! least,!>8Efold!enrichment!was!
obtained!for!IP!samples!compared!to!the!IgG!samples.!!
Eighteen! GeneChip®! S.cerevisiae! Tiling! 1.0R! arrays! from! Affymetrix! Inc.!
(Wycombe.!United!Kingdom)!were!used!and!processed! in! the!GeneChip®! System!





Oligo*name* Sequence* Gene* Stranda* Positionb*
AVV220! AGAACTTGGCGATTGCTGACA! ROX1+ C! E408!
AVV221! AAGACCGTTACATTACGCAAAGTG! ROX1+ W! E275!
AVV222! CATACACATCGTGCTTAGCGATC! IXR1+ W! E526!
AVV223! CCCATTCGTTCTCTCACCAAG! IXR1+ C! E376!
AVV224! CATAAAGGGTCTCTTTCACCTATACG! TIR1+ W! E273!
AVV225! CTTCACTTTTTTCTCTGTCAAGGG! TIR1+ C! E178!
AVV226! TCAAACCATTTCCTGCGGAG! HEM13+ C! E539!
AVV227! TGCCTATGACGGTAATCCCA! HEM13+ W! E406!
Primer_A! GTTTCCCAGTCACGGTCNNNNNNNNN! .+ E! E!











x.affx),! and! the! .BPMAP! file! Sc03b_MR_v04.bpmap.! A! twoEsample! analysis! was!
conducted! using! specific! chromatin! immunoprecipitation! (from! Ixr1E(cEMyc)! or!




occupancy! profiles! were! visualized! with! Affymetrix! Integrated! Genome! Browser!
(IGB).! Interval!analyses!were!done!using!TAS!software!with!a!minimum!run!of!10!
and!maximum!gap!of!250!bp,!and!p.value!cutoff!of!0.01.!Bed!file!conversions!were!
done! using! UCSC! (University+ of+ California+ Santa+ Cruz)! tools!
(https://genome.ucsc.edu).! Bed! file! analyses! were! done! using! ChIpSeek! tools!
(http://chipseek.cgu.edu.tw)!(Chen!et+al.,!2014).!!
Gene! descriptions! and! comparative! analyses! of! lists! from! differentially!
expressed! genes! were! obtained! through! Yeast! Mine!
(http://yeastmine.yeastgenome.org/yeastmine/begin.do).! Functional! distribution!
of! genes! in! the! differentially! regulated! clusters!was! also! analyzed! using! FunSpec!
(http://funspec.ccbr.utoronto.ca/)! developed! by! Robinson! and! coEworkers!
(Robinson!et+al.,!2002).!The!MIPS!Functional!Catalogue!Database! (FunCatDB)!was!
used! in! the! analyses! (http://mips.helmholtzEmuenchen.de/proj/funcatDB/).!Motif!
analysis! was! performed! using! RSAT! (Regulatory+ Sequence+ Analysis+ Tools)!
(http://rsat.ccb.sickkids.ca/)! (Bailey! et+ al.,! 1994;! van! Helden,! 2003),! YEASTRACT!
(Yeast+ Search+ for+ Transcriptional+ Regulators+ And+ Consensus+ Tracking)!
(http://www.yeastract.com)! (Teixeira! et+ al.,! 2014),! the! WebMOTIFS! suite!











It!has!been!previously! reported! that! Ixr1! is! a! repressor!of!hypoxic! genes!
during! normoxia! (Lambert! et+ al.! 1994;! Bourdineaud! et+ al.! 2000)! and! activator!







considering! that! IXR1! expression! increases! during! hypoxia! (CastroEPrego! et+ al.,!
2010b),!while!the!available!Rox1!protein! is!degraded! in!these!conditions!(Deckert!
et+al.,!1995),!it!has!been!suggested!that!Ixr1!replaces!Rox1!in!the!change!normoxiaE




matrix! from! the! JASPAR! data! base! (http://jaspardev.genereg.net/)! and! the!






















of! 4.98! (median! of! the! enrichment! Z! scores! for! all! the! motifs! in! this! cluster,!
considering! motifs! from! different! programs! together).! Using! the! program! oligoE
analysis! (van! Helden! et+ al.,! 1998)! from! RSA! tools! (http://www.rsat.eu/)! a! very!
similar!motif,!AAGGGGC,!was! found.! ! 105! genes! contain! one!or!more! sequences!
fitting!this!motif!in!their!promoters!(Figure!2).!!
This! motif! was! compared! to! other! regulatory! motifs! in! the! databases,!
using! the! TOMTOM! motif! comparison! tool! (Gupta! et+ al.,! 2007)! through! MEME!
(http://meme.nbcr.net)! and! the! results! are! summarized! in! figure! 3.! The! most!
significant!similarity! is!observed!with!the!already!known!motifs!binding!the!Msn2!
and!Msn4!transcriptional!factors,!which!are!related!to!the!general!stress!response,!




















Figure* 2.! Genes! upEregulated! during! normoxia! after! Ixr1! deletion! and! showing! the! new! discovered!
consensus!for!Ixr1!binding.!!
3.2.@* In#silico*analysis*of* regulatory*motifs* in*the*promoters*of* the*genes,*which*
are*down@regulated*in*a*∆ixr1*strain*during*hypoxia!
We! have! scanned! the! promoter! sequences! (E1000! to! E1)! of! the! genes!













































or! the! new! discovered! (AAGGGC)!motif! in! their! promoters! form! subgroups!with!
some!overlap,!but!clearly!differenced!and!there!are!60!genes!upEregulated! in! the!
mutant! during! normoxia,! which! are! out! of! these! three! subgroups! ! (Figure! 5a).!!
Among!the!genes!downEregulated!during!hypoxia,! the!genes! that!have! Ixr1,!Rox1!
or! the! new! discovered! (AAGGGC)! motif! in! their! promoters! also! form! subgroups!
with!some!overlap,!but!clearly!differenced!and!there!are!51!genes!downE!regulated!
in!the!mutant!during!hypoxia,!which!are!out!of!these!three!subgroups!!(Figure!5b).!!
These! data! indicate! that! the! effects! observed,! after! Ixr1! deletion! during!
normoxia! or! hypoxia,! are! not! associated! to! a! unique! and! common! regulatory!
sequence! in! the! promoter! of! the! regulated! genes.! At! least! three! subgroups! are!
differentiated!and!related!to!the!presence!of!different!consensus!sequences,!and!a!
fourth!subgroup!is!not!associated!to!these!consensuses.!!









all! the! genes,! which! present! in! their! promoters! this! reEdefined! core! (Figure! 6)! a!




the! pools! of! upEregulated! genes! during! normoxia! (a)! and! downEregulated! genes! during! hypoxia! (b).!
Matrix! for! Rox1! (JASPAR! accession!MA0371.1)! and! Ixr1! ! (JASPAR! accession!MA0323.1)! as! defined! in!
JASPAR! (http://jaspar.! binf.ku.dk/cgiEbin/jaspar_db.pl?rm=browse&db=core&tax_group=fungi).! New!
matrix!for!AAGGGGC!calculated!as!defined!in!the!text.**
Msn2! and!Msn4! are! paralogs;! both! proteins! share! 41%! identity! and! are!
similar! in! size! and! amino! acid! composition! (Estruch! &! Carlson,! 1993).! Although!
physical!interactions!of!these!factors!with!Ixr1!have!not!been!described,!a!negative!
genetic! interaction! between! Msn4! and! Ixr1! has! been! reported! in! two! highE
throughput!independent!analyses!(Bandyopadhyay!et+al.,!2010;!Zheng!et+al.,!2010).!
Msn2! and!Msn4! have! been! associated! to! the! rapamycinEsensitive! TOR! signaling!
pathway!(Beck!&!Hall,!1999)!like!Ixr1!(Chen!et+al.,!2013).!This!signalling!pathway!in!
Saccharomyces+ cerevisiae! activates! responses! for!metabolic! adaptations! required!
in!response!to!nitrogen!and!carbon!variations.!It!has!been!proposed!that!the!TOR!













the! pools! of! upEregulated! genes! during! normoxia! (a)! and! downEregulated! genes! during! hypoxia! (b).!
Matrix!for!Rox1!as!defined!in!JASPAR!(accession!MA0371.1).!The!redefined!new!core!for!Ixr1!is!defined!
by!the!string!AAG[G/C]GG.!!
Considering! that! the!genes!downEregulated! in!hypoxia! in! the+∆ixr1! strain!
versus!the!isogenic!Ixr1!strain,!could!be!responding!to!hypoxia!as!a!general!stress!
response,!we!compared!them!with!the!known!targets!of!Msn2!and!Msn4!from!the!
information! in!SGD.!These!targets! in!SGD!are!recompiled!majorly! from!chromatin!
immunoprecipitation,! and! DNA! arrays! reported! in! the! literature! and! databases.!
The!intersection!with!a!pool!of!383!Msn2!targets!was!only!12!genes!and!with!a!pool!
of! 53! Msn4! targets! only! 1! gene.! Therefore! the! regulation! observed! after! Ixr1!









The! analysis! was! done! according! to! the! description! in! section!materials!
and!methods.!The!summary!of!peaks!distribution!and!length!is!shown!in!Figure!7,!
rendering! 1004! peaks! (p.value! <! 0.01),! 519! related! to! promoter! regions,! that!
represent!51.7%!of!the!total!peaks!obtained.!
The! list! of! selected! peaks! is! summarized! in! supplementary! Table! S1.!
Analysis! of! these! selected! peaks!with! YEASTMINE! reveals! the! enrichment! of! two!
functional!groups!of!genes;!those!related!to!cellEwall!organization!and!to!oxidationE
reduction! processes.! HEM13,! a! normoxic! target! for! Ixr1! regulation! already!
characterized! in!previous!analyses! (CastroEPrego!et+al.,! 2010a),! is! included! in! this!
list.!!
The! intersection!between! the! list!of!genes! regulated!by! Ixr1! in!normoxia!
(Suppletory! table!S1!of! chapter!1)!and! these! found! through! immunoprecipitation!




necessary! for! the! biosynthesis! of! branchedEchain! amino! acids! like! isoleucine! and!
valine.! Also! TDH2,! TDH3! and! HPF1! from! sugar! metabolism! and! FIT3! from! ion!
transport.! As! previously! explained! (Chapter! 1),! the! genes! from! the! sulphate!
assimilation!pathway!are!upEregulated!in!the!mutant!∆ixr1!during!normoxic!growth!
(repressed! by! Ixr1! protein)! and! downEregulated! in! the! mutant! during! hypoxic!






The!only! gene!promoter!bound!by! Ixr1! and! related! to! sulphur!metabolism! is! the!
MET28!promoter.!!
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regulatory! proteins! (Met31,! Met32,! Cbf1),! which! lack! intrinsic! transcriptional!
activation!domains,!act!as!adaptors! for!recruiting!Met4!to!appropriate!promoters!
(Blaiseau!et+al.,! 1997;!Kuras!et+al.,! 1996).!Therefore! it!might!be!possible! that! the!




The! analysis! was! done! according! to! the! description! in! section!materials!
and!methods.!The!summary!of!peaks!distribution!and!length!is!shown!in!Figure!8,!
rendering! 540! peaks! (p.value! <! 0.01),! 271! related! to! promoter! regions,! that!
represents!50.2%!of!the!total!peaks!obtained.!
The! list! of! selected! peaks! is! summarized! in! supplementary! Table! S3.!
Analysis! of! these! selected! peaks!with! YEASTMINE! reveals! the! enrichment! of! two!
functional! groups! of! genes;! those! related! to! gluconeogenesis! and! to! oxidationE
reduction!processes.!The!gene!HEM13,!a!hypoxic!target!for!Ixr1!regulation!already!
characterized! in! previous! analyses! (CastroEPrego!et+ al.! 2010a),! is! included! in! this!
list.!!
An!analysis!of!the!intersection!between!the!list!of!genes!regulated!by!Ixr1!
in! hypoxia! (Suppletory! table! S2! of! chapter! 1)! and! these! found! through!

















Rox1! and! Ixr1! during! normoxia! and! the! two! regulators! compete! for! binding! to!









directly!comparable! to! the!binding!of! the!complete!protein! in+vivo.!Therefore!we!
carried! out! the! analysis! for! Rox1! binding! in! the! same! conditions! and! genetic!
background!as!previously!selected!for!assaying!Ixr1!binding.!The!summary!of!peaks!
distribution!and!length!is!shown!in!Figure!9,!rendering!1486!peaks!(p.value!<!0.01),!
547! related! to! promoter! regions,! that! represents! 36.8%! of! the! total! peaks!
obtained.!
The! list! of! selected! peaks! is! summarized! in! supplementary! Table! S5.!
Analysis! of! these! selected! peaks!with! YEASTMINE! reveals! the! enrichment! of! two!
functional!groups!of!genes;!those!related!to!ribosomal!proteins!and!translation!and!
those!related!to!alpha!amino!acids!biosynthesis.!!

































Figure* 10.* ! Location!of! Ixr1!binding!peaks! in!Z1580! Ixr1E(cEMyc)* !∆rox1! strain+growth+ in!conditions!of!
aerobiosis!and!represented!by!gene!annotation!pie!chart!and!bar!chart!of!peak!distribution!with!respect!
to!the!transcription!start!site!(TSS).!
The! list! of! selected! peaks! is! summarized! in! supplementary! table! S7.!
Analysis!of!these!selected!peaks!with!YEASTMINE!reveals!the!enrichment!of!genes!
related!to!ribosomal!proteins!and!translation.!It!is!interesting!to!remark!that!these!
two! functional! groups! are! coincident! with! those! found! for! Rox1! binding! in!
normoxia.! Taken! into! account! that! Rox1! is! expressed! at! higher! levels! during!











3.8.@* In# silico* analysis* of* the* DNA* sequences* obtained* from* the* peaks* after*
immunoprecipitation*and*localized*in*promoter*regions*
As! reported! in! the! previous! sections,! the! majority! of! the! DNA! binding!
sequences! found! for! Rox1! or! Ixr1! by! ChIPEonEchip! analysis! are! not! related! to! a!
functional! transcriptional! regulation! mediated! by! stable! binding! of! the!
transcriptional!factors,!as!demonstrate!the!intersections!between!regulated!genes!
and!physically!bound! sites.! In! this! section!we!describe! the! results!obtained!by+ in+
silico! analysis! of! the! DNA! sequences! obtained! from! the! peaks! after!
immunoprecipitation! but! limiting! this! analysis! to! peaks! localized! in! promoter!
regions.!
We!first! investigate!the!presence!of!the!core!consensus!for!Rox1!binding!
(ATTGTT)! and! the! core! consensus! for! Ixr1! binding! (AAG[G/C]GG)! in! the! selected!
peaks! according! to! promoter! positioning.! We! used! the! “dnaE! pattern”! search!
program! through! the! RSA! tools! facilities! (http://rsatEtagc.univEmrs.fr/rsat/).! The!
results!are!summarized!in!figure!11.!!
The! results! summarized! in! figure! 11! show! that,! although! Rox1! is!
considered! a! transcriptional! factor! with! a! sequenceEspecific! binding! to! target!
regulated! promoters! during! normoxia,! only! 21.9! %! of! the! analyzed! sequences!
contain!the!core!ATTGTT!conserved!in!the!consensus!defined!for!the!binding!of!this!
factor.! Therefore! the! remaining! detected! interactions! (78.1%)! are! not! specific! of!
sequence,! or! might! be! specific! but! occurring! through! other! consensus! not!
discovered,!or!they!are!reached!indirectly!and!implicating!other!protein/s!forming!





12a.! The! comparison! of! the! percent! of! identification! of! the! core!ATTGTT! (Rox1E
specific)! and! AAG[G/C]GG! (Ixr1Especific)! among! the! peaks! after!















and! in! a! way! independent! of! sequence! specificity.! Indeed,! more! than! 80%! of!
binding!may!be!considered!independent!of!the!presence!of!the!core!AAG[G/C]GG!
in!normoxia!or!hypoxia.!The!same!mechanisms!proposed!to!explain!Rox1!binding!
are! valid! for! explaining! Ixr1! binding! (Figure! 12b).! However,! for! Ixr1! binding,! the!
presence!of!the!cores!ATTGTT!or!AAG[G/C]GG!are!very!similar!(17.3%!!and!17.9%!
during! normoxia! ! and! 15.1%! and! 11.8%!during! hypoxia).! This! could! indicate! that!
the! recognition!by! sequence! specificity! is!minor! than! the!observed! for!Rox1,!and!
also! that! both! core! sequences! are! recognized! similarly! by! Ixr1.! A! remarkable!
feature!is!that,!during!normoxia,!the!elimination!of!Rox1!increases!the!percentage!
of! Ixr1! binding! to! the! core!ATTGTTT! (from! 17.3%! to! 27.2%)! but! not! to! the! core!
AAG[G/C]GG!(17.9%!and!16.6%!respectively).!
In! order! to! find! other! sequenceEspecific! consensuses! for! Rox1! and! Ixr1!
binding! not! yet! defined! in! the! literature! or! already! derived! from! the! sequences!
found!in!the!promoters!of!regulated!genes!(as!in!previous!sections!of!this!chapter),!
we! carried! several+ in+ silico! analyses! of! the! sequences! derived! from! the! ChIPEonE
chip!results,!using!different!available!programs.!Results!obtained!with!the!program!
“oligo! analysis”! through!RSA! tools! are! summarized! in! figure!13.! Results! obtained!
with!the!program!“peakEmotifs”!through!RSA!tools!are!depicted!in!figure!14.!!
The! results! presented! in! figure! 13! show! that! the! “de+ novo”! consensus!




to!3.7%! in!the!analysis!of! Ixr1!binding!to!promoter!regions!during!hypoxia! (figure!










Figure*12.!Scheme!of!possible!mechanisms!of!physical! interactions!of!Rox1! (a)!and! Ixr1! (b)!with!DNA,!
related!or!not!related!to!transcriptional!regulation.!
The!discovered!motifs!using!the!program!“peakEmotifs”!through!the!RSAE
tools! suite! are! summarized! in! figure! 14.! The! parameters! for! this! search! were!
established!with!a!restricted!length!for!each!peak!of!±!50!bp!in!each!side!of!peak!
center.! Coincidences! with! the! sequence! for! Ace2! and! Swi5! binding! are! also!
















The! interaction! of! Ixr1! with! the! target! sequence! defined! for! Rox1! binding! is!








proved! in+vitro!and! in+vivo! (CastroEPrego!et+al.,!2010a)!and!our!data! indicate!that!
this!feature!may!be!generalized!to!other!promoters.!However,!other!sequence!with!
no! similarity! to! the! Rox1! consensus!was! also! defined! as! specific! for! Ixr1! binding!
(MacIsaac!et+al.,! 2006).!Our! results! indicate! that! a! redefined! version!of! this! Ixr1E















Both! during! normoxia! and! hypoxia! Ixr1! binds! to! DNA!without! observed!
enrichment! in! promoter! regions! (ranging! from! ≈50%! to! ≈60%! of! the! total!
significative! peaks),! which! is! in! accordance!with! the! predictable! behaviour! of! its!
two! different! HMGEboxes,! one! sequence! specific! and! another! not! sequence!
specific! (CastroEPrego!et!al.,!2010a).!Our!data!reveal!that!even! in!the! interactions!
detected!through!the!promoters,!not!all!of!them,!but!rather!a!small!fraction!in!the!
approximate! range! of! 20E30%,!may! be! considered! sequenceEspecific! as! deduced!
from!the!presence!of!the!ATTGTT!or!the!AAG[G/C]GG!cores.!!
Search! of! sequences! that! can! produce! Ixr1! binding! by! proteinEprotein!
interactions! with! other! transcriptional! regulators! indicates! that! matches! to!
previously!known!sequences!for!binding!to!yeast!transcriptional!regulators!occurs!
in! the! promoterE! specific! peaks.! However! it! is! not! possible! to! find! a! particular!
enrichment! for! the! consensus! sequence! of! only! one! transcriptional! factor! or! at!
least!a!reduced!number!of!them.!The!most!frequent!consensuses!found!include!the!
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Ixr1! is! a! HMGB! protein! that! binds! to! adducts! formed! between! cisplatin!
and!DNA!and!its!deletion!causes!increased!resistance!to!cisplatin!in!yeast.!Previous!
data! indicated! that! Ixr1! and!other! proteins!with!HMGCdomains!might! induce! cell!
death! by! blocking! repair! of! the! major! cisplatinCDNA! adducts! in# vivo,# but! the!
mechanisms!of!cisplatin!resistance! in!yeast! ixr1!mutants!remain!mostly!unknown.#
Results!exposed!in!this!work!reveal!that!cisplatin!resistance!in!Δixr1!mutants!may!
be!also!attributed! to!changes! in! the! regulation!of! ribosome!biogenesis!pathways,!
which!are!less!downCregulated!by!cisplatin!in!the!mutant!that!in!the!wild!type,!thus!
increasing! the! proliferative! capacity! of! the!mutant! cells! versus! wild! type.! In! this!
sense,! the! interconnections! between! Ixr1! mediated! regulation! and! the! TOR!
signaling! pathway,! highly! connected! to! the! control! of! ribosome! biogenesis,! are!
discussed.! A! higher! enhancement! of! sulfurCcompounds! metabolism! is! also!
observed!in!the!mutant!than!in!the!wild!type.!This!may!also!contribute!to!increase!
the! availability! of! bioCmolecules! bearing! CSH! chelating! groups! to! immobilise!





cervical,! head! and! neck,! bladder,! and! small! cell! lung! cancer! (Giaccone,! 2000).!
However! others,! like! colorectal! and! nonCsmall! cell! lung! cancers! have! intrinsic!
resistance!to!cisplatin.!Even!those! initially!sensitive,! like!ovarian!or!small!cell! lung!
cancer,! might! acquire! resistance! after! the! initial! treatment! (Pérez,! 1998).! The!
molecular!mechanisms!of!cisplatin!action!inside!the!tumor!cells!require!the!binding!
of! the! drug! to! DNA! and! nonCDNA! targets,! the! activation! of! intracellular! signal!
pathways! and! finally! the! induction! of! cellCdeath! through! apoptosis,! necrosis,! or!
both.! Diverse! and! extensive! data! about! the! cytotoxic! action! of! cisplatin! and! the!
Chapter*3!!
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wideCgenome! screenings,! (Huang!et# al.,! 2005)! little! is! known! about! their! specific!
role! in! the! cellular! response! to! cisplatin.! The! gene! IXR1! encodes! a! protein,!
belonging!to!the!family!of!chromatin!non!histone!proteins!with!two!HMGCdomains,!
that!binds!to!the!adducts!that!cisplatin!forms!with!DNA!(Brown!et#al.,!1993)!and!its!
deletion! causes! increased! resistance! to! cisplatin! in! yeast! (McA´Nulty! &! Lippard,!
1996).!The!hypothesis!about!Ixr1!and!other!HMGCdomain!proteins!may!block!repair!
of!the!major!cisplatinCDNA!adducts!in#vivo,!thus!inducing!cell!death,!was!postulated!
(McA´Nulty!&! Lippard,! 1996).! It! is! based! in! the! evidence! that! IXR1! deletion!does!
not! increase! the! resistance! of! S.# cerevisiae! mutant! cells,! which! already! carry!
mutations! in! the! genes! RAD2,! RAD4! and! RAD14! related! to! excision! repair!
mechanisms!(McA´Nulty!&!Lippard,!1996).!More!recently!it!has!been!reported!that#
IXR1! mutations! increase! the! rate! of! spontaneous! mutagenesis! mediated! by!
replication! errors! (Fedorov! et# al.! 2010)! and! that! Ixr1! is! required! for! the!
maintenance!of!an!adequate!supply!and!balance!of!dNTPs! for!DNA!synthesis!and!
repair! (Tsaponina! et# al.! 2011).! Besides,! Ixr1! also! regulates! the! yeast! hypoxic!
response!(Lambert!et#al.!1994;!Bourdineaud!et#al.!2000;!Castro!et#al.!2010a;!Castro!
et#al.!2010b;!VizosoCVázquez!et#al.,!2011).!
The! increased! resistance! of! cisplatin! observed! in! yeast! strains! carrying!
SKY1!and! IXR1!deletions!has! in!common!several!changes!produced!on!DNA!repair!
pathways! (Chao,! 1991;! Liu,! 1996;! Reed,! 1998;! Schenk,! 2002).! The! transcriptional!
response! to! cisplatin! and! its! dependence! on! Sky1! function! has! been! recently!
reported! (Rodríguez! Lombardero!et# al.,! 2014).! Sky1! is! a! S.# cerevisiae! rich! serineC







(Rodríguez! Lombardero! et# al.,! 2014).! These! transcriptional! changes! might!
represent!a!cellular!response!favoring!chelation!of!cisplatin!with!sulfurCcontaining!
amino! acids! and! also! facilitating! DNA! repair! by! the! stimulation! of! purine!
biosynthesis.! The! transcription! pattern! of! stimulation! of! sulfurCcontaining! amino!
acids! and! purine! synthesis! decreased,! or! even! disappeared,! in! a! ∆sky1! strain!
(Rodríguez! Lombardero! et# al.,! 2014).! The! effect! of! Sky1! and! Ixr1! deletions! on!
cisplatin! resistance! is! additive! in! the!W303! strain,!which!might! be! interpreted! in!
the! sense! that! Ixr1! and! Sky1! control! cisplatin! resistance! by! two! independent!
mechanisms,! each! contributing! partially! to! the! final! phenotype! (Rodríguez!
Lombardero! et# al.,! 2011).! Therefore! in! this! work! we! analyze! the! effects! of! Ixr1!
deletion!on!the!transcriptional!response!to!cisplatin!in!the!yeast!strain!W303.!!





binding! of! Ixr1! to! DNA! by! ChIPConCchip! experiments! in! the! yeast! strain! W303!
untreated!or!treated!with!cisplatin.!!
Previous!data! from!our! laboratory! (yet!unpublished)!have!demonstrated!
that! Ixr1!physically! interacts!with! the! transcriptional!activator!Swi6.! Swi6!has! the!
ability! to! activate! transcription! but! does! not! have! DNA! binding! activity.! Swi6!







controlling! the! chromosomal! replication!during! the! S!phase! (Verma!et#al.,! 1992).!
Besides,!Swi6!is!involved!in!the!response!to!DNA!damage!and!it!is!phosphorylated!
by!Rad53! in! this!condition! (Sidorova!et#al.,!1997).! Ixr1,!as!well!as!Rad53,!controls!
the! biosynthesis! of! dNTPs,! which! are! necessary! for! DNA! synthesis! and! repair,!
through!the!control!of!the!gene!RNR1!and!in!response!to!DNA!damage!(Tsaponina!
et#al.,!2011).!In!this!work!we!have!also!tested!whether!the!deletion!of!Swi6!affects!





cisplatinCresistant! cell! lines! from! human! epidermoid! cancer! and! transcriptionally!
regulated! by! the! specific! factor! CTF/NFC1! (Nagatani! et# al.,! 2001).! Therefore,! this!
study! in! yeast! could!open!new! research! frontiers! to! future! studies! in!human! cell!





ura3K# 52)! and! its! derivative! W303CΔixr1! previously! described! (Rodríguez!
Lombardero! et# al.,! 2012)! have! been! used! in! transcriptomic! experiments.! The! S.#
cerevisiae#strain!Z1580!(MATa#ade2K1#trp1K1#can1K100# leu2K3,112#his3K11,15#ura3#




URA3! marker.! The! plasmid! Yeplac195! (Gietz! &! Sugino,! 1988)! was! used! as! a!
template!to!amplify!a!linear!fragment!containing!the!URA3!gene!and!two!flanking!
regions!of!homology!to!the!ORF!end!of!SWI6!by!PCR!using!the!primers!AVV284!and!
AVV285! (see! table! 1).! After! transformation! of! the! Z1580! strain! with! amplified!
fragments,! cells! were! selected! in! complete! media! without! uracil.! The! correct!
replacement! in! the! S.# cerevisiae! genome! was! verified! by! PCR! as! described!





Oligo*name* Sequence* Gene* Stranda* Positionb*
ECV699AV! AAGAGATGAAGGTTACGATTGGT!! URA3# C! +592!







AVV286! CTAGTGCGGTCATCTCTTGCG! SWI6# W! C394!







Lakes,!New! Jersey,!USA);! 40!mg! each! of! histidine,! leucine,! adenine,! uracil,! lysine!
and! tyrosine,! 10! mg! each! of! arginine,! methionine! and! threonine,! 30! mg!
tryptophan;! 60! mg! each! of! phenylalanine! and! isoleucine;! 2%! glucose! (w/v).! For!
transcriptomic! experiments,! the! following! day! the! cells!were! inoculated! at! initial!
OD600!of!0.4!in!70!mL!SD!and!grown!in!250!mL!Erlenmeyer!flasks!at!30!
oC!and!with!
agitation! at! 250! rpm.! When! cells! reached! OD600! of! 0.6,! the! cultures! from! each!
strain!were!divided! in! two! aliquots! of! 25!mL! (control! and! cisplatin! treatment).! A!
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stock! solution!of! cisplatin!6!mM! in!dimethyl! sulfoxide! (DMSO)!was!prepared!and!
the!drug!was!added!to!the!treated!cultures!at!a!final!concentration!of!600!μM.!An!
equivalent!volume!of!DMSO!was!added!to!the!control!cultures.!The!treatment!was!
done! at! 30! oC! and!with! agitation! at! 250! rpm!during! four! hours! in! darkness.! The!
concentration! of! cisplatin! and! the! time! course! of! the! treatment!were! previously!





with! agitation! at! 250! rpm.!When! cells! reached! OD600! of! 0.6,! a! stock! solution! of!
cisplatin! 20! mM! in! dimethyl! sulfoxide! (DMSO)! was! prepared! and! the! drug! was!






RNA!was! extracted! from! a! number! of! cells! corresponding! to! OD600! of! 3!
with!the!AurumTM!Total!RNA!Mini!Kit!(BioCRad)!and!by!following!the!manufacturer’s!
instructions.! Concentration! and! purity! of! RNA! was! evaluated! by! measuring! the!
ratio!R=!A260/A280!(always!in!the!range!1.7<R<2.1).!RNA!integrity!was!evaluated!by!
the! RIN! parameter! (RNA! Integrity! Number)! with! the! 2100! Bioanalyzer! (Agilent!
Technologies,! Inc.! Santa! Clara,! CA! 95051C7201USA)! according!with!manufacturer!
instructions.! RIN!was! near! to! the! value! 9! in! all! the! samples,!which! is! considered!
highCquality!extraction!(Schroeder!et#al.,!2006).!
Twelve! GeneChip®! YeastCGenomeC2.0! arrays! from! Affymetrix! Inc.!
(Wycombe.!United!Kingdom)!were!used!and!processed! in! the!GeneChip®! System!
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Santa! Clara,! CA! 95051C7201USA),! selecting! conditions! producing! fragments! from!
35C200! nt!with! a!majority! among! 100C120! nt.!Hybridization,!washes! and! staining!
were!done!with!the!GeneChip®!HT!Hybridization,!Wash!and!Stain!Kit.!(Ambion,!Inc.!
Affymetrix).! These! kits! include! RNA! PolyCA! controls! (lys,! phe,! thr! and! dap)! from!
Bacillus#subtilis!to!monitor!the!target!labeling!process!and!they!serve!as!sensitivity!
indicators! of! target! preparation! and! labeling! efficiency.! They! also! include! the!
Hybridization! Controls,! which! are! comprised! of! a! mixture! of! biotinylated! and!
fragmented! RNA! of! bioB,! bioC,! bioD! (genes! from! the! biosynthesis! of! biotin! in!
Escherichia# coli)! and! Cre! (recombinase! from! bacteriophage! P1).! These! controls!
monitor!the!hybridization,!washing!and!staining!steps.!Control!Oligo!B2!is!included!
to!provide!alignment!signals!for!image!analysis.!
Image! caption! and! preliminary! data! analysis! were! carried! out! with!
Affymetrix®!Expression!Console™!software!(v1.1).!
2.3.=*Chromatin*immunoprecipitation*and*ChIP=on=chip*analyses*
Chromatin! immunoprecipitation! experiments! were! carried! out! as!
described!previously!(Lee!et#al.,!2002)!with!minor!modifications.!Shortly,!200!mL!of!
yeast! culture!were! collected! at!OD600! of! ≈! 0.9C1.! CrossClinking!was! performed! by!
adding!1%!formaldehyde!to!the!culture!and!incubating!at!room!temperature!for!20!
min.! 125!mM!of! glycine!was! then! added! and! culture!was! incubated! 5!min.! Cells!
were!then!harvested!and!washed!four!times!with!50!mL!TrisCHCl!buffer!saline!(20!





Roche,! and!2X! complete!phosphatase! inhibitor! cocktail,! Roche)!with! glass! beads,!
and! the! cell! extracts! were! sonicated! for! 5! min! in! 10! sec! on/59! sec! off! cycles!
(chromatin!was!sheared!into!an!average!size!of!400!bp).!The!immunoprecipitations!
were! performed! with! magnetic! Dynabeads! (Invitrogen)! following! the!
manufacturer’s!instructions!and!using!antiC(cCMyc)!antibodes!(sc47694;!Santa!Cruz!
Biotechnology)! for!specific! Ixr1p–(cCMyc)! immunoprecipitation.!Negative!controls,!
with!rabbit!IgG!immunoprecipitation,!were!also!performed.!Samples!were!washed!
three!times!with!1!mL!of!Lysis!buffer,!three!times!with!1!mL!of!Lysis!buffer!high!salt!
(50!mM!HEPESCKOH,! pH! 7,5,! 500!mM!NaCl,! 1!mM! EDTA,! 1%! Triton! XC100,! 0,1%!
sodium!deoxycholate),!three!times!with!1!mL!of!Wash!buffer!(10!mM!TrisCHCl,!pH!




Biolabs).! Next! day,! immunoprecipitated! DNA! were! cleaned! with! the! kit! USB!
PrepEase! DNA! CleanCUp! (USB).! Next! steps! were! rigorously! followed! in! the!
manufacturer’s! instructions! (Affymetrix)! (http://cmgm.stanford.edu!
/pan/section_html/GE/protocols/Chromatin%20Immunoprecipitation%20Assay%2
0Protocol.pdf).! Immunoprecipitation! enrichment! was! checked! by! realCtime! qPCR!
against! promoter! regions! of! TIR1,# IXR1,# ROX1! and! HEM13! (table! 2),! which! are!
known! to! be! bound! by! Ixr1! protein! and! immunoprecipitated! using! the! antibody!
being! investigated! (Bordineaud! et# al.,! 2000;! CastroCPrego! et# al.,! 2010a;! CastroC
Prego!et#al.,!2010b).!In!all!cases,!>8Cfold!enrichments!were!obtained!for!IP!samples!
compared!to!the!IgG!samples.!!
Eighteen! GeneChip®! S.cerevisiae! Tiling! 1.0R! arrays! from! Affymetrix! Inc.!
(Wycombe.!United!Kingdom)!were!used!and!processed! in! the!GeneChip®! System!
with!Autoloader! from!Affymetrix! Inc.! (Wycombe,!United!Kingdom).! Control!Oligo!






Oligo*name* Sequence* Gene* Stranda* Positionb*
AVV220! AGAACTTGGCGATTGCTGACA! ROX1# C! C408!
AVV221! AAGACCGTTACATTACGCAAAGTG! ROX1# W! C275!
AVV222! CATACACATCGTGCTTAGCGATC! IXR1# W! C526!
AVV223! CCCATTCGTTCTCTCACCAAG! IXR1# C! C376!
ACC224! CATAAAGGGTCTCTTTCACCTATACG! TIR1# W! C273!
AVV225! CTTCACTTTTTTCTCTGTCAAGGG! TIR1# C! C178!
AVV226! TCAAACCATTTCCTGCGGAG! HEM13# C! C539!
AVV227! TGCCTATGACGGTAATCCCA! HEM13# W! C406!
Primer_A! GTTTCCCAGTCACGGTCNNNNNNNNN! K# C! C!





Transcriptomic! array! data! were! normalized! and! summarized! using! the!
RMA! algorithm! from! Affymetrix.! The! data! were! analyzed! using! the! web! suite!
Babelomics!(v4.3)!(Medina!et#al.,!2010).!Statistical!analyses!to! identify!DEGs!were!
made!by!using!the!LIMMA!(Linear!models!for!microarray!data)!test!(Smyth,!2005).!
The! FDR! (False! Discovery! Rate)! was! estimated! to! correct! values! for! multiple!
comparisons! (Benjamini! &! Hochberg,! 1995).! Statistical! significant! DEGs! were!
considered!those!with!a!FDR<0.01!and!a!fold!change!≥1.4!in!the!comparisons.!
ChIPConCchip! raw! data! from! Affymetrix! GCOS! software! were! analyzed!
using! Affymetrix! Tiling! Analysis! Software! (TAS)! v1.1.03!
(http://www.affymetrix.com/support/developer/downloads/TilingArrayTools/inde
x.affx),! and! the! .BPMAP! file! Sc03b_MR_v04.bpmap.! A! twoCsample! analysis! was!
conducted!using!specific!chromatin!immunoprecipitation!(from!Ixr1C(cCMyc)!tagged!





normalization! and! probeClevel! analysis! with! perfect! match! (PM)! probes! and! run!
with! a! bandwidth! of! 250.! Ixr1! protein! occupancy! profiles! were! visualized! with!
Affymetrix! Integrated! Genome! Browser! (IGB).! Interval! analyses! were! done! using!
TAS!software!with!a!minimum!run!of!10!bp!and!a!maximum!gap!of!250!bp,!and!pK
value! cutoff! of! 0.01.! Bed! file! conversions! were! done! using! UCSC! (University# of#
California#Santa#Cruz)!tools!(https://genome.ucsc.edu).!Bed!file!analyses!were!done!
using!ChIpSeek!tools!(http://chipseek.cgu.edu.tw)!(Chen!et#al.,!2014).!!
Gene! descriptions! and! comparative! analyses! of! lists! from! differentially!






was! used! in! the! analyses! (http://mips.helmholtzCmuenchen.de/proj/! funcatDB/).!
For! these! analyses! a! pKvalue! lower! than! 0.01! was! selected.! These! pKvalues!
represent!the!probability!that!the! intersection!of!one!given! list!of!genes!with!any!
given! functional! category!occurs! by! chance.! In! the! report! of! the! analyses! carried!
out!with!FunSpec,#k!is!the!number!of!genes!from!the!input!cluster!in!given!category!
and! f! is! the! total! number! of! genes! in! given! category.! Hierarchical! and! kCmeans!
clustering!was!performed!using!Multiple!Array!Viewer!package!(MeV,!v10.2),!using!
the! ‘organize! genes’! option! and! default! options! of! ‘Euclidean! distance’! and! 100!
runs.!Motif!analysis!was!performed!using!HOMER!(Hypergeometric#Optimization#of#












The! experimental! design! proposed! to! achieve! the! objectives! is!
summarized!in!the!scheme!of!figure!1.!
*






the! isogenic# W303! strain,! carrying! the! wild! type! IXR1! allele,! are! evaluated! as!
explained! in! Materials! and! Methods.! After! RMA! normalization! of! raw! data! of!
triplicate! biological! repeats! (figure! 2a),! the! paired! samples! Δixr1! mutant! and!
isogenic! W303! strains! were! analyzed! using! a! Student’s! tCtest! with! Bonferroni!
adjusted!pKvalue! and!expressed! in! fold! change! values.! The!analysis! revealed! that!
499!out!of!a!total!of!S.#cerevisiae!5744!probe!sets!in!the!GeneChip®!YeastCGenomeC
2.0!arrays!were!significantly!changed!(Figure!2b).!There!are!197!genes!upCregulated!
(Table! S1)! and!302!downCregulated! (Table! S2)! in! the! isogenic! strain! in!which! the!
IXR1!gene!has!been!deleted.!Functional!distribution!of!upCregulated!genes!analyzed!
with!FUNSPEC!(Table!3)!shows!that!enriched!functional!groups!include!genes!that!
take! part! in! oxidationCreduction! processes! [GO:0055114],! response! to! stress!!
[GO:0006950],! lipid!metabolism! ([GO:0006696],! [GO:0008610],! [GO:0006631])! or!
carbohydrate!metabolism! ([GO:0005978],! [GO:0000025],! [GO:0005975]).!Most! of!
the! genes! related! to! response! to! stress! in! Table! 3! are! genes! expressed! during!
anaerobic!or!hypoxic!conditions.!!
Functional!distribution!of!down!regulated!genes!after!IXR1!deletion!(Table!
4)! shows! that! enriched! groups! are! those! related! to! ribosome! biogenesis!
([GO:0042254],! [GO:0006364],! [GO:0000462],! [GO:0006361],! [GO:0000027],!
[GO:0000447]),! and! translation! [GO:0006412],! as! well! as! other! related! to! the!
metabolisms!of!amino!acids![GO:0009085],!membrane!transport![GO:0055085]!or!
ion!channels![GO:0006810].!!
In! a! previous! work,! the! effect! of# IXR1! deletion! was! analyzed! using! a!
different#S.#cerevisiae#strain,!BY4741,!and!a!different!platform!of!arrays!(Vizoso!et#
al.,!2012).!Although!in!part!attributable!to!the!different!growth!media!composition!
and! performance! of! the! platforms! used! in! the! two! analyses,! the! observed!
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differences! might! also! show! that! the! expression! and! function! of! Ixr1! is! highly!
dependent! on! the! yeast! strain! analyzed! as! previously! reported! (McA'Nulty! &!
Lippard,!1996;!Castro!et#al.,!2010a;!Rodríguez!Lombardero!et#al.,!2012).!Coincident!
upCregulated! genes! include! those! functionally! related! to! oxidative! and! hypoxic!
stress.! This! is! in! accordance! with! the! function! previously! attributed! to! Ixr1! as! a!
repressor! of! hypoxic! genes! during! normoxic! conditions! (Lambert! et# al.,! 1994;!
Bourdineaud!et#al.,! 2000;!Castro!et#al.,! 2010a;!Castro!et#al.,! 2010b;!Vizoso!et#al.,!




represent! the! 25th! to! the! 75th! percentile! of! intensity! values! for! the! 5744! probe! sets! expressed! in!
logarithm.!R1,!R2!and!R3!correspond!to!the!three!biological!replicates.!(b)!Volcano!plot!of!IXR1!deletion!













Rine,!2006).!However,! this!regulatory!mechanism! is! functional! in!the!S.#cerevisiae!
W303! strain! but! not! in! the! BY4741! strain! (Davies! &! Rine,! 2006).! Differences!
observed!about! Ixr1Cdependent! regulation!of!ERG!genes! in! the! two!strains!might!
be! caused! by! the! regulatory! interplay! between! these! factors,! since! aerobic! and!
hypoxic! expression! of! IXR1! also! depends! alternatively! on! the! transcriptional!
activators! Ecm22! and! Upc2! (Castro! et# al.,! 2010a).! Interestingly,! among! the! new!
discovered! targets! of! Ixr1! regulation,! we! found! ERG24,! whose! mutation! causes!
mitochondrial! abnormality! (Dimmer! et# al.,! 2002)! and! decreased! resistance! to!
cisplatin!(Liao!et#al.!!2007).!
Table* 3.! Functional! gene! groups! overCrepresented! among! genes! whose!
expression!in!the!Δixr1!mutant!strain!was!higher!than!in!the!W303!strain!

































































































Category! P+value& In*category*from*cluster# κ# ƒ#
Mitochondrial!citrate!
transport![GO:0006843]!



























0.005524! RRN6#RRN7# 2! 3!
Ribosomal!large!subunit!
assembly![GO:0000027]!
0.00555! RSA4#IPI1#IPI3#DBP6#BRX1#NIP7# 6! 38!
Nitrogen!utilization!
[GO:0019740]!














2012),! coincident! downCregulated! genes! in! the! two! analyses! after! IXR1! deletion!
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it! has! been! previously! shown! that! cisplatin! treatment! also! modulates! these!
functions!(Jordan!&!CarmoCFonseca,!1998;!Jin!et#al.,!2008;!Rodríguez!Lombardero!
et#al.,! 2014)! and,! considering! that! IXR1! is! a! gene! that! increases! sensibility! to! the!
drug,!we!further!analyzed!this!feature.!
Ribosome! assembly! is! a! major! undertaking! for! cells! and! it! is! subject! to!
stringent! inspection,! requiring! a! significant! fraction! of! the! resources! devoted! to!
macromolecular!synthesis!and!trafficking.!All!three!RNA!polymerases!participate!in!
this! process.! RNA! polymerase! I,! and! to! a! lesser! extent! also! RNA! polymerase! III,!
transcribe! the! rRNAs.! Because! production! of! ribosomes! is! so! closely! tied! to! the!
growth!and!proliferation!of!cells,!deregulation!of!ribosome!assembly!has!profound!
consequences!on!the!health!of!organisms.!Complete!lossCofCfunction!mutations!in!
most!assembly! factors! and! ribosomalCproteins!are! lethal! in! yeast,! and!embryonic!
lethal! in!higher!organisms! (Woolford!&!Baserga,!2013).! Table!S3! contains! several!
genes! related! to! ribosome! biogenesis! and! translation! that! are! significantly!
repressed! in! the! Δixr1! mutant! in! comparison! with! the! W303.! These! genes! are!
distributed!along!all! the!sequential! steps!that!occur! in! ribosome!biogenesis,! from!
preCrRNA!transcription!to!final!ribosome!assembly.!Thus,!from!initial!steps,!in!table!
S3!there!are!genes!that!encode!several!subunits!of!RNA!polymerase!I.!Among!the!







the! cell! nucleolus,! that! is! formed! around! the! ≈150! tandem! repeats! of! the! rDNA!
transcription!unit!found!on!chromosome!XII!in!S.#cerevisiae.!The!initial!6.6Ckb!preC
rRNA! includes! RNAs! destined! for! both! the! SSU! (18S)! and! the! LSU! (5.8S! and!25S)!
rRNAs.! Four! general! transcription! factors!or! transcription! factor! complexes!aid! in!
the! recruitment!of!RNA!polymerase! I! to! this!promoter.!They! include!UASCbinding!




There!are!also!several!genes! in!Table!4! related! to!35S!primary! transcript!
preCprocessing!and!formation!of!the!final!40S!and!60S!subunits.!This!includes!genes!
encoding! RNACmethylases,! like! TGS1,!MRM1,! TRM44,!NOP1! and!MGE1,! or! RNPC
methylases! like!HMT1.! TGS1! encodes! a! trimethylguanosine! synthase! that! causes!
hypermethylation!of!m(7)G!to!the!m(2,2,7)G!5Ä!cap!of!snRNAs,!snoRNAs!(Mouaikel!
et#al.,!2002),! it! is!necessary! for! ribosome!biogenesis! (Colau!et#al.,!2004)!and!also!
methylates!the!telomerase!Tlc1!RNA!(Franke!et#al.,!2008).!Mrm1!is!an!rRNA(2ÄCOC
ribose)Cmethyltransferase!that,! together! to!Mrm2,! functions! in!mitochondrial!21S!
rRNA! processing! (Pintard! et# al.,! 2002).! TRM44! encodes! a! tRNA(2ÄCOCribose)C
methyltransferases! causing! tRNACmodiﬁcation! (Motorin! &! Grosjean,! 1999).! The!
protein! encoded! by! EMG1! (Nep1! protein)! methylates! the! hypermodified! ψ1191!
base! of! 18S! rRNA! and! has! an! additional! essential! function! during! ribosome!
biogenesis! (Eschrich! et# al.,! 2002).! Finally,! the! protein! encoded! by! HMT1! (Rmt1!
protein)! causes!methylation!of!hnRNPs!affecting! their!activity!and!nuclear!export!
(Shen! et# al.,! 1998),! and! it! also! methylates! the! U1! snRNP! protein! Snp1! and! the!
ribosomal!protein!Rps2!(Lipson!et#al.,!2010).!Besides,!IXR1!probably!has!a!function!
in! the! control! of! the! methionine/SCadenosylmethionine! (AdoMet)! ratio.! At! least!
this!is!the!expected!result!of!its!control!upon!the!two!genes,!SAM4!encoding!the!SC













highly! active! RP! genes! and! probably! indirectly! through! Rap1! protein! at! others!






Studies! on! the! effect! of! cell! exposure! to! cisplatin! upon! the! S.# cerevisiae!
transcriptome! have! been! previously! reported! (Caba! et# al.,! 2005;! Rodríguez!
Lombardero!et#al.,!2014).!Functional!groups!overCrepresented!among!upCregulated!
genes! after! cisplatin! treatment! are! those! related! to! sulfate! assimilation! and!
metabolism!of! sulfur! containing! compounds,! as! those! related! to! the! transport!of!
sulfate! or! sulfur! containing! amino! acids! or! those! necessary! for! methionine,!
cysteine! and! SCadenosylmethionine! biosynthesis.! Also,! several! genes! related! to!
purine!nucleotide!biosynthesis!are!also!upCexpressed.!The!major! functional!group!





RPS18B,! participating! in! ribosomal! small! subunit! assembly! and/or! rRNA! export!
from!the!nucleus!(Rodríguez!Lombardero!et#al.,!2014).!
In! order! to! identify! genes! and!mechanisms! involved! in! the! resistance! of!
Δixr1! strain! to! cisplatin! treatment,! the! changes! in! mRNA! levels! produced! by!
addition! of! 600! μM! cisplatin! in! Δixr1! mutant! cells! grown! in! SD! media! were!
recorded,! normalized! and! analyzed! for! statistical! significance! as! described! in! the!
Matherial!and!Methods!section!(figure!3a).!The!analysis!revealed!that!195!out!of!a!
total! of!S.# cerevisiae! 5744!probe! sets! in! the!GeneChip®!YeastCGenomeC2.0! arrays!
were!significantly!changed!(Figure!3b).!There!are!96!genes!upCregulated!(Table!S3)!
and! 99! downCregulated! (Table! S4)! in! the! Δixr1! mutant! strain! after! cisplatin!
treatment.!!
Functional! distribution! of! upCregulated! genes! analyzed! with! FUNSPEC!
(Table! 5)! shows! that! enriched! functional! groups! are! those! related! to! sulfate!
assimilation!and!metabolism!of!sulfur!containing!compounds;!such!as!those!related!
to! cysteine! and! methionine! biosynthetic! processes! ([GO:0019344]! and!
[GO:0009086],! respectively),! sulfate! assimilation! ! [GO:0000103]! or! sulfate!
transport![GO:!0008272].!Among!overrepresented!functional!groups!there!are!also!
several!related!to!transmembrane!transport![GO:0055085]!and!oxidationCreduction!
processes! [GO:0055114].! Besides,! some! genes! related! to! purine! nucleotide!
biosynthesis!are!upCregulated!(ADE1,!ADE17,#ADE13#and#MTD1),!as!shown!in!Table!
5.!These!results!are!similar!to!those!obtained!from!the!W303!strain!after!cisplatin!
treatment! (Rodríguez! Lombardero! et# al.,! 2014).! Nevertheless,! the! transcriptional!
activation!of!genes! related! to!metabolism!of! sulfur! compounds! is! stronger! in! the!
Δixr1! strain! than! in! the!W303! strain,! as! indicates! the! figure! 3c.! Is! interesting! to!






Δixr1! mutant! strain! treated! with! cisplatin! was! higher! than! in! Δixr1! mutant! strain!
untreated.*













































2.69!x10C6! SIT1#ARN1#FRE4#FIT2# 4! 8!
TransCsulfuration!
[GO:0019346]!
1.14!x10C5! CYS3#STR3#CYS4# 3! 4!
Iron!ion!homeostasis!
[GO:0055072]!




0.0001054! ADE1#MTD1#ADE13#ADE17# 4! 18!
Glutathione!catabolic!
process![GO:0006751]!








0.006905! MTD1#FOL1# 2! 9!
Chapter*3!!
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Functional! distribution! of! downCregulated! genes! analyzed!with! FUNSPEC!
(Table! 6)! shows! that! enriched! functional! groups! include! genes! that! take! part! in!
translation! [GO:0006412],! amino! acid! biosynthetic! process! [GO:0008652],!
glutamate! biosynthetic! process! [GO:0006537]! or! nucleosome! assembly!
[GO:0006334].!This! last!group! includes!genes!encoding!for!histones.! Interestingly,!
interplay! between! Ixr1! levels! and! histone! dosage! was! previously! described.!
Tsaponina!and!coCworkers! showed! that!when!histone! levels!were!high! in!Δrad53#
mutants!because!of!a!defect! in!histone!degradation!mechanisms,! Ixr1! levels!were!
low;!meanwhile,!the!reduction!of!histone!levels!restored!Ixr1! levels!(Tsaponina!et#
al.,! 2011).! These! authors! proposed! a! competition!model! in! which! high! levels! of!
histones!displace!Ixr1,!or!alternatively!directly!conducted!Ixr1!to!proteolysis.! !
A! striking! difference! between!Δixr1# and! its! isogenic! W303! strain! is! the!
lower! impact! of! cisplatin! treatment! on! the! transcriptional! repression! of! genes!
related! to! the! ribosome! biogenesis! and! translation,! as! shows! figures! 3c! and! 3d.!
This!could!be!attributable!to!the!feature!that! levels!of!expression!are!already! low!
before! cisplatin! treatment! due! to! the! drastic! effect! of! IXR1# deletion! on! these!
genes,!as!previously!described!(table!4).!
The! comparison! of! bonferroniCcorrected! pKvalues! of! main! significative!
gene!ontologies!obtained!among!downCregulated!genes!of!W303!and!Δixr1!strains!
after! cisplatin! treatment! shows! that! the! effect! of! cisplatin! is! minimized! by! Ixr1!
depletion!(table!7),!and!the!expression!of!most!genes!involved!in!the!formation!of!








in! the!Δixr1! mutant! strain! treated! with! cisplatin! was! lower! than! in!Δixr1! mutant!
strain!untreated.*









2.47!x!10C6! LYS20#LYS4#LYS12#LYS9# 4! 8!
Propionate!metabolic!
process![GO:0019541]!
















0.0006984! GDH3#CIT2#GDH1# 3! 13!
GMP!biosynthetic!process!
[GO:0006177]!
0.001156! IMD3#GUA1# 2! 4!
Nucleosome!assembly!
[GO:0006334]!
0.001894! HTB2#HTA2#HTA1# 3! 18!
Ammonium!transport!
[GO:0015696]!
0.002837! MEP2#ATO2# 2! 6!
Allantoin!catabolic!process!
[GO:0000256]!
0.003936! DUR1,2#DAL2# 2! 7!
Phosphate!metabolic!
process![GO:0006796]!









0.008206! RPL30#ASC1# 2! 10!
Regulation!of!translational!
fidelity![GO:0006450]!

















and!Δixr1! cisplatinCtreated! (red)!strains!after!RMA!normalization.!Boxes! represent! the!25th! to! the!75th!
percentile!of!intensity!values!for!the!5744!probe!sets!expressed!in!logarithm.!R1,!R2!and!R3!correspond!




Heat!map! representing! relative! changes! (Log2)! of! expression!of! genes! statistical! significant! related! to!











Table* 7.! Statistical! GO! significance! comparison! of! W303! and! Δixr1# mutant! responses! to! cisplatin!
treatment.!
In! a! previous! study! we! had! tested! the! consequences! of! SKY1! deletion,!
upon!transcription!in!the!same!W303!genetic!background!(Rodríguez!Lombardero!
et# al.,! 2012).! Although! both! Δixr1# and# Δsky1# null! mutations# increase! cisplatin!
resistance,!the!identified!DEGs!comparing!with!W303!in!absence!of!cisplatin!show!
low!gene!overlap.!The!Δixr1#and#Δsky1#observed!variations#only!have! in!common!
19! genes! among! the! significant! upCregulated! genes! (figure! S1a)! and! 17! genes!
among! the! significant! downregulated! genes! (figure! S1b).! Although! SKY1! deletion!
also!produced!a!downCregulation!of!genes!related!to!ribosome!biogenesis,!similarly!
as! above! reported! for! IXR1! deletion,! the! affected! genes! are! different! in! the! two!
mutant! strains.! Furthermore,! the! comparison! of! fold! change! profiles! of! the!
different!steps!related!to!ribosome!biogenesis!and!translation!in!W303,!Δixr1#and#
Δsky1# strains! after! cisplatin! treatment! shows! important! regulation! differences!






caused! by! cisplatin! is! however! significantly! diminished! for! several! genes! in! the!
∆ixr1,!as!shown!in!the!heat!map!of!figure!3d!and!also!in!the!comparative!analysis!





In! order! to! differentiate! direct! and! indirect! effects! caused! by! Ixr1! upon!
transcription! in! the! response! of! yeast! cells! to! cisplatin,! we! then! further! analyse!
DNA!interactions!of!Ixr1!by!ChIPConCchip!experiments!(see!experimental!procedure!
section).! From! control! cultures,! 1191! peaks!were! obtained! (pCvalue! <! 0.01),! 544!
related!to!promoter!regions!(based!on!UCSC!Genome!Browser!annotations)!(Figure!
4a! and! table! S13).! Analysing! coincidences! between! genes! found! by! ChIPConCchip!
promoterCrelatedCpeaks!and!the!whole!set!of!up!and!downCregulated!genes!in!the!
transcriptional! analysis! of! the! Δixr1# strain! versus! wild! type,! the! overlap! was!
restricted! to! a! very! limited! number! of! genes! (figure! 4b;! table! 9! and! S3).! This!
indicates! that! Ixr1!action!upon! transcription!could!be!majorly!mediated!by!direct!
mechanisms! implying!transient! interactions!or!by!other! indirect!mechanisms.! It! is!









chart! and! bar! chart! of! peak! distribution! with! respect! to! the! transcription! start! site! (TSS).! (b)! Venn!
diagram!of!coincident!upCregulated!and!downCregulated!genes!of! IXR1#deletion!effect!and!genes!with!
significant! Ixr1! binding! peaks! in! their! promoter! regions.! (c)! Logo! representation! of! the! de# novo!
consensus! sequence! obtained! (red! rectangle)! and! aligned! with! their! bestCfit! known! consensus!
sequence.!
We!then!analyzed!the! functional!distribution!of!all!genes!with!significant!
peaks! in! the! promoter! region! with! FUNSPEC! (table! 8)! and! enriched! functional!
groups!include!genes!that!take!part!in!transmembrane!transport![GO:0055085]!or!






transport,! there!are! several! targets! transcriptionally! regulated!by! Ixr1! (table!9,! in!





De# novo! motif! discovery! with! HOMER! algorithm! (Hypergeometric#
Optimization#of#Motif#EnRichment)!(Heinz!et#al.,!2010)!in!the!ChipSeek!suite!(Chen!
et# al.,! 2014)!was! also!performed,! setting! a! search! restricted! to! ±! 100!bp! in! each!
side!of!peak!center.!The!consensus!sequence!ACGACGCTAAGC& (pKvalue!≈1!x!10C12)!
(figure! 4c)! was! obtained! in! 29! peaks,! that! represent! only! the! 5.25%! of! all! the!
submitted! peaks.! The! sequence! was! used! to! look! for! and! compare! with! known!
motifs! and,! interestingly! fits! well! with! Fhl1! binding! sequence! (figure! 4c).! The!
forkhead! factor! Fhl1! binds! directly! to! ribosomal! protein! (RP)! genes! actively!
transcribed,!and!indirectly!through!Rap1!motifs!(BarCJoseph!et#al.,!2003;!Lee!et#al.,!
2002).! Its# deletion! causes! a! defect! in! 35S! rRNA! processing! and! slow! growth!
(HermannCLe!Denmat!et#al.,!1994).!
Besides,! Fhl1! interacts! with! Hmo1,! a! transcription! factor! regulating!
transcription! mediated! by! RNA! PolI! (Ho! et# al.,! 2002;! Ito! et# al.,! 2001).! Fhl1,!
altogether!with! Ifh1! (coactivator)! and!Crf1! (corepressor),! senses! regulation!of! RP!
gene! transcription! via! TOR! and! PKA! signaling.! Location! of! the! repressor! Crf1! in!
cytoplasm! ensures! the! transcription! of! ribosomal! protein! genes.! Crf1! is!
phosphorylated! in# vivo! and! in# vitro! by! the! TORC! and!PKAC! regulated! kinase! Yak1.!!
Upon! TOR! inhibition,! phosphorylated! Crf1! rapidly! translocates! into! the! nucleus!
where! it! competes!with! Ifh1! for!binding! to!Fhl1,!which! results! in! inhibition!of!RP!
transcription!genes!(Dietmar!et#al.,!2004).!!




form! the!MBF! (MCBCbinding! factor)! complex!with!Swi4!and!Mbp1! in!a! cell! cycleC
dependant! manner! to! activate! the! transcription! of! genes! required! for! DNA!
synthesis!and!G1/S!phase!transition.!Deletion!of!STB1#caused!an!exacerbated!delay!
in!G1!progression!and! the!onset!of! start! transcription! in!a!Δcln3! strain! (Ho!et#al.,!
1999;!Costanzo!et#al.,!2003).!!
Table* 8.! Functional! gene! groups! overCrepresented! among! genes! with! significant!
Ixr1Cbinding!promoter!peaks!in!the!W303!strain!untreated!control.*






























0.006751! PLB2#PLB1# 2! 2!
Phospholipid!biosynthetic!
process![GO:0008654]!
0.009059! SCT1#SCS3#PCT1#OPI1#INO1#OPI3#ICT1#PAH1# 8! 37!
Response!to!unfolded!
protein![GO:0006986]!
0.009348! ULI1#KAR2#SCJ1#ZIM17# 4! 11!
Maltose!metabolic!process!
[GO:0000023]!
0.009348! MPH2#MAL13#IMA5#MPH3# 4! 11!
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YAL064W# 2.170! C1370! EFB1# C2.317! 747!
AVT6& 1.436! 446! FLR1& C1.942! C39!
WSC4# 1.626! 165! YMC2& C1.853! 555!
YIR035C# 1.773! C284! RSA4# C1.640! C608!
ECM4# 1.727! C749! GPP2# C1.671! 304!
CAF16# 1.761! 317! YHK8# C1.989! 525!
IGD1# 1.915! C328! HXT1& C2.476! 566!
BNA6# 1.480! 434! YDL144C# C1.753! 559!
YAL064WKB# 1.728! C3! RPA14# C1.695! 108!
SET4# 1.799! C343! MTO1# C1.894! 177!
ALP1& 1.663! 469! MEP1& C2.379! 284!
PHM7# 1.976! 449! ATF2# C2.519! C896!
CRC1# 1.947! C158! DAL5& C3.027! C166!
YPL067C# 1.701! 168! RPL15A# C1.604! 356!
SVS1# 2.172! 542! YLR046C# C1.443! C596!
YPR015C# 3.711! C629! ERG3# C1.781! 469!
! ! ! RPL22A# C1.501! C994!
! ! ! SUL2& C1.515! C610!
! ! ! TDA5# C2.063! 485!
! ! ! PLB2# C1.481! 517!
! ! ! NAT4# C1.981! C67!
! ! ! POP3# C2.228! 246!
! ! ! PLB3# C1.690! C383!
! ! ! AAD15# C1.572! C181!
! ! ! HMS1# C1.447! C32!
! ! ! TPO4& C1.517! C359!
! ! ! SAM4# C1.843! C683!
! ! ! RPL22B# C1.622! 390!





3.5.=*Differenciating*direct*and* indirect* roles*of* Ixr1* in* the* response* to*cisplatin*
treatment*by*ChIP=on=chip*analysis*
It! has! been! proposed! that! Ixr1! shields! cisplatinCmodified! DNA! from!
nucleotide! excision! repair! proteins,! thus! leading! to! higher! cisplatin! sensitivity! in!




checkCpoint! activation! is! responsible,! at! least! in!part,! for! the!broad!DNA!damage!
tolerance! seen! in! the!Δixr1#mutants,! not! only! with! cisplatin! but! also! with! other!
DNACdamaging!drugs!with!different!mechanisms!of!action!such!as!4Cnitroquinoline!
1Coxide! (4CNQO),! the! alkylating! agent! methyl! methanesulfonate! (MMS)! or! the!
oxidizing!agent!tertCbutyl!hydroperoxide!(tCBHP)!(Tsaponina!et#al.,!2013).!!!
Analysis!of!genomic! localization!of! Ixr1!after!cisplatin!treatment!by!ChIPC
onCchip! rendered! 457! peaks! (pKvalue! <! 0.01),! 315! related! to! promoter! regions!
(Figure! 5a)! (table! S14).! Analysis! of! the! functional! distribution! of! all! genes! with!
significant!peaks!in!the!promoter!region!with!FUNSPEC!(Table!10)!shows!enriched!
functional!groups!similar!to!the!obtained!in!the!untreated!control,!including!genes!
that! take! part! in! oxidationCreduction! processes! [GO:0055114],! cell! wall!
organization! [GO:0007047]! and! transmembrane! transport! [GO:0055085]! of!
spermidine! [GO:0015848],!carbohydrates! [GO:0008643],!acetate! [GO:0006846]!or!
water! [GO:0006833].! The! comparison! of! tables! S13! (untreated! control)! and! S14!
(cisplatin! treated)! showed! that! both! lists! overlaps! in! 130! genes! (figure! 7b,! table!
s15),! and! FUNSPEC! analysis! shows! that! are! also! principally! enriched! in! genes!
related! to! response! to! stress! [GO:0006950],! cell! wall! organization! [GO:0007047]!
and! transmembrane! transport! [GO:0055085].! Among! the! 31! genes! related! to!
transmembrane! transport,! there! are! 15! targets! that! do! not! change! with! the!
presence! of! cisplatin,! and! that! are! related! with! the! transport! of! carbohydrates!
(MPH2,# HXT1,# MPH3,# JEN1,# FPS1,# GAL2)! ions! (ADY2,# ZRT1,# VHT1,# MEP1,# YHK8,#
MMT1,#TPO4)!and!others!(THI72,#AQY1);!and!16!targets!that!are!specific!to!cisplatin!
treatment!with! functions! related! to! transport!of!amino!acids! (SAM3,#PUT4,# LYP1,#






Table* 10.! Functional! gene! groups! overCrepresented! among! genes! with! significant!
Ixr1Cbinding!promoter!peaks!in!the!W303!strain!treated!with!Cisplatin*

















0.0004073! CTT1#YJL144W#YNL190W# 3! 4!
Maltose!metabolic!process!
[GO:0000023]!








0.00224! YHB1#YNL234W# 2! 2!
Regulation!of!sporulation!
[GO:0043937]!
0.00224! PTP3#PTP2# 2! 2!
Acetate!transport!
[GO:0006846]!
0.00224! ADY2#FPS1# 2! 2!
Cell!wall!chitin!metabolic!
process![GO:0006037]!











0.003202! MTH1#HXT1#HXT5# 3! 7!
Water!transport!
[GO:0006833]!
0.006509! AQY2#AQY1# 2! 3!
Glucose!import!
[GO:0046323]!
0.006509! GLK1#HXK2# 2! 3!
Asparagine!biosynthetic!
process![GO:0006529]!
0.006509! ASN2#ASN1# 2! 3!
Proline!catabolic!process!
[GO:0006562]!
0.006509! PUT1#PUT4# 2! 3!
Chromatin!silencing!
[GO:0006342]!
0.007216! MSI1#GAS1#HST3#HST2# 4! 17!
NADH!oxidation!
[GO:0006116]!
0.009871! ADH3#NDE1#ADH1# 3! 10!
Nucleobase!transport!
[GO:0015851]!





to! the! cisplatin! treatment! (table! S16)! there! are! several! genes! related! to! stress!
response!like!YRO2,#SED1,#CPR1,#YHB1,#YJL144W,#SSC1,#HMS2,#MSN4,#PIR3,#HOR7,#
YNL190W,# DDR2! or! PTP2.! There! are! also! several! genes! related! to! GCprotein!
mediated!signal!transduction!(GPA2,#RGS2,#STE4)!and!with!the!drug/toxin!transport!
(QDR2,# TPO1,# AQR1,# PDR5,# PDR12).! Interestingly,! QDR! are! multidrugCH+C
antiporters,! which! belong! to! the! major! facilitator! superfamily! (MFS).! They! were!
previously!described! to!be! involved! in! cisplatin! resistance,! showing!upCregulation!
after! cisplatin! treatment! and! cisplatin! sensitivity! in! null!mutants! (Tenreiro! et# al.,!
2005).! Besides! QDR2,! there! are! also! two! genes! previously! related! to! cisplatin!
resistance:! TRP1,! related! to! tryptophan! biosynthesis;! and! FCY2,! a! purine! and!
cytosine! permease,! whose! expression! is! increased! upon! DNA! replication! stress;!
both!null!mutants!confer!cisplatin!resistance!(Huang!et#al.,!2005).!
We!then!made!de#novo!motif!discovery!with!HOMER!algorithm!(Heinz!et#
al.,! 2010)! in! the! ChipSeek! suite! (Chen! et# al.,! 2014).! There! were! obtained! the!
consensus! sequences! TCCGCGCG& and& GTGCCTGCRA! (figure! 7c),! obtained! in! 117!
peaks!(37%!of!all!the!submitted!peaks;!pKvalue!≈1!x!10C14)!and!in!47!peaks!(14.75%!
of!all!the!submitted!peaks;!pKvalue!≈1!x!10C13),!respectively.!Interestingly,!consensus!




genes!and!genes! involved! in!the! integrity!of!the!cell!wall! (AngusCHill!et#al.,!2001).!
Consensus! sequence! 1! also! fits! well! with! the! Sut1! binding! site.! Sut1! is! a!
transcription! factor! involved! in! the! activation! of! genes! related! to! sterol! uptake!






chart! and! bar! chart! of! peak! distribution! with! respect! to! the! transcription! start! site! (TSS).! (b)! Logo!








of! the! paralog! proteins! Sok2! and! Phd1.! Sok2! is! involved! in! the! cAMPCdependent!
protein!kinase!signaling!to!negatively!regulate!yeast!pseudoChyphal!differentiation!
(Pan! and! Heitman,! 2000).! Contrary,! Phd1! acts! as! a! transcriptional! activator! that!
enhances!pseudoChyphal!growth!(Gimeno!and!Fink.,!1994).!
3.6.=**Effects*of*SWI6*deletion*upon*Ixr1*DNA*binding*
Swi6! is! a! transcriptional! cofactor! that! forms! part! of! SBF! and! MBF!
complexes,! each! containing! a! distinct! DNACbinding! subunit,! Swi4! and! Mbp1,!
respectively.!Each!heterodimeric!complex!binds!to!a!specific!DNA!sequence!found!
in!the!promoters!of!G1!Cspecific!genes.!Although!some!genes!are!influenced!by!both!
factors,! the! regulation! of!most! genes! depends! upon! one! of! the! two! factors,! the!
identity! of! which! is! correlated! with! the! frequency! of! the! specific! binding! motif!
(Spellman!et#al.,! 1998;! Lyer!et#al.,! 2007;!Simon!et#al.,! 2001).! SBF! regulates!genes!
encoding!proteins!involved!in!the!initiation!of!the!G1!CS!transition!and!progression!
into!S!phase,!whereas!MBF!is!primarily!involved!in!the!regulation!of!genes!involved!
in!DNA! replication! and! repair.! SBF! and!MBF!are!bound! to!G1! Cspecific! promoters!
prior! to! G1! Cspecific! transcription! activation! (Koch! et# al.,! 1993;! Harrington! et# al.,!
1996;! Cosma! et# al.,! 2001).! The! Swi6! subunit! is! present! in! the! nucleus! and! only!
binds!DNA!from!early!G1!through!early!S!phase.!SBF!is!inactive!as!a!transcriptional!












with! Swi6! in! transcriptional! regulation.! First,!we!have! known!previously! that! Ixr1!
physically! interacts! in# vivo! with! the! transcriptional! activator! Swi6,! based! on!
observations! in! our! lab! using! the! twoChybrid! system! (unpublished! data,! not!
shown).!Second,!Stb1! is!a!DNA!binding!protein!that!physically! interacts!with!Swi6!
(Ho! et# al.,! 1999)! and! the! consensus! sequence! ACGACGCTAAGC! obtained! in! the!
previously! described! ChIPConCchip! analysis! using! Ixr1! immunoprecipitation! (this!
work,!figure!4c)!is!similar!to!Stb1!binding!site,!thus!correlating!the!presence!of!Ixr1,!
Swi6! and! Stb1! to! common! regulated!promoter! regions.! Third,! deletion!of! Ixr1!or!
Mbp1! (both!Swi6! interactors)!produces!a!deregulation! in! the!expression!of!RNR1!




been! previously! described! as! a! target! of! the! MBF! complex! (Lyer! et# al.,! 2001).!
Besides,!Ixr1!shares!five!genes!with!MBF!complex!after!untreated!control!(RAD51,#
APT2,# YDR442W,# POP3,# NRM1)! and! other! five! genes! after! cisplatin! treatment!
(RNR1,#YDR442W,#EXG1,#FKS3,#NRM1).! In! the!same!way,!analyzing! the!131!peaks!
for!binding!of!the!SBF!complex!obtained!by!Lyer!and!coCworkers!(Lyer!et#al.,!2001),!
we!observed!that! Ixr1!shares!up!to!14!genes!after!untreated!control,!or!up!to!25!
other! genes! after! cisplatin! treatments! respectively.! It! is! interesting! to! note! that!
among! the! 25! shared! genes,! there! are! 8! related! to! the! cell! wall! organization! or!
biogenesis![GO:0071554]!(SED1,#UTR2,#CRH1,#SCW4,#CWP1,#YPS3,#GAS1#and!FLC1);!








(b)!Venn!diagram!of!genes!with! significant! Ixr1Cbinding!promoter!peaks! that!overlaps!between!W303!
and! Δswi6# strain! control! treatments.! (c)! Logo! representation! of! the! de# novo! consensus! sequence!
obtained!(red!rectangle)!and!aligned!with!their!bestCfit!known!consensus!sequence.#
To!further!analyze!the!transcriptional!regulatory!relationship!between!Ixr1!
and! Swi6,! ChIPConCchip! experiments! of! Ixr1! in! a!Δswi6# strain! untreated! (control)!
were!performed.!Analysis!of!genomic!localization!of!Ixr1!by!ChIPConCchip!rendered!
471!peaks!(pCvalue!<!0.01),!194!related!to!promoter!regions,!that!represents!only!
41%!of! the!total!peaks!obtained! (figure!6a)! (table!S17).!Analysis!of! the! functional!
distribution! of! all! genes! with! significant! peaks! in! the! promoter! region! with!
FUNSPEC!(table!11)!revealed!few!enriched!functional!groups.!!Overlapping!analysis!






Ixr1! binding! that! is! independent! of! Swi6! function! (figure! 6b).! Up! to! 12! of! these!
genes!are!transmembrane!proteins!related!to!sugar!transport!(MPH2,#HXT1,#MPH3,#
GAL2),!transport!and!homeostasis!of!metal! ions!(ADY2,#ZRT1,#YHK8,#MMT1,#FRE4,#
SOD1,# AHP1)! and! others! (MEP1,# YMR279C,# THI72).! Interestingly,# TOS3! is! also!
included!and!it!encodes!a!protein!kinase!that!phosphorylates!and!activates!Snf1,!an!
AMPCactivated! protein! kinase! that! play! key! roles! in! the! cellular! response! to!
nutrient!stress!(Nath!et#al.,!2003).!Snf1!activation!is!required!for!utilization!of!nonC
fermentable! and! nonCpreferred! carbon! sources,! such! as! raffinose! and! glycerolC
ethanol.! TOS3! (target! of! SBF)! was! first! identified! by! a! genomic! screen! for!
promoters! that! are! bound! by! the! SBF! complex,! which! regulates! transcription!
during!the!cell!cycle!(Lyer!et#al.,!2001).!!
Table* 11.! Functional! gene! groups! overCrepresented! among! genes! with! significant!
Ixr1Cbinding!promoter!peaks!in!the!Δswi6!strain!untreated!control.*




0.0001871! URA3#DCD1#URA4#URA10# 4! 11!
Nitrogen!utilization!
[GO:0019740]!
0.001733! ADY2#UGA1#MEP1# 3! 9!
Maltose!metabolic!process!
[GO:0000023]!
0.003263! MPH2#IMA5#MPH3# 3! 11!
!
!Most!of! the! Ixr1! target! genes! in! common!with! SBF!and!MFB!complexes!
are! lost! after!SWI6! deletion,!with! the!exception!of!TOS3.! It! is! interesting! to!note!
that! Ixr1! binding! to! the! promoter! region! of! up! to! 37! positive! transcriptional!
regulators! (table! S17)! are! lost! in! absence! of! Swi6.! The! functional! distribution! of!
these! genes! is! related! with! the! regulation! of! translation! (PET494,# CAM1,# HYP2,#
HST2,#PHO4,#MSS51,#NAM8,#STB1,#FZF1),!response!to!nutrient!levels!(RAS2,#GAL4),!
G1/S! cell! cycle! transition! ! (RPD3,# BCK2),! proteolysis! (RPT3,# RPT1,# RPT4,# SEC13,#
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KAE1),! chromosome! organization! (ARP7,# HOS1,# NAP1,# KAE1,# BUD32)! and! others!




cisplatin! treatment.! Analysis! of! genomic! localization! of! Ixr1! by! ChIPConCchip!
rendered! 639! peaks! (pCvalue! <! 0.01),! 340! related! to! promoter! regions,! that!
represents!53.5%!of!the!total!peaks!obtained!(Figure!7a;!table!S18).!Analysis!of!the!
functional!distribution!of!all! genes!with! significant!peaks! in! the!promoter! regions!
with!FUNSPEC!(Table!12)!shows!enriched!functional!groups!of!genes!that!take!part!
in! the! cell! wall! organization! [GO:0007047],! oxidationCreduction! processes!
[GO:0055114],! carbohydrate! metabolism! [GO:0005975]! and! transport! of!
carbohydrates![GO:0008643],!acetate![GO:0006846],!oxygen![GO:0015671],!water!





166! coincident! genes! (figure! 7b).! Once! again,! up! to! 23! of! these! genes! are!





In! conditions! of! cisplatin! treatment,! in! a! similar! way! of! previously!




related! to! oxidative! stress! response! (CTT1,# GSH1,# MSN4,# IRA4)! or! αCamino! acid!
metabolism!(TRP1,#ASN2,#CYS4,#DYS1,#PUT1,#YML082W,#ARG80,#LEU4,#GLN1,#ASN1)!
among!others!(figure!7b!and!table!13).!!
Table* 12.! Functional! gene! groups! overCrepresented! among! genes! with! significant!
Ixr1Cbinding!promoter!peaks!in!the!Δswi6#strain!treated!with!cisplatin*
































0.002644! HSP12#NCE102# 2! 2!
NADPH!regeneration!
[GO:0006740]!
0.004056! PYC1#YMR315W#ZWF1# 3! 7!
Glucose!metabolic!
process![GO:0006006]!






Figure* 7.* (a)! Location!of! Ixr1! binding!peaks! in!Δswi6! stranin#after! cisplatin! treatment! represented!by!
gene!annotation!pie!chart!and!bar!chart!of!peak!distribution!with!respect!to!the!transcription!start!site!






As! derived! from! the! transcriptome! analyses! presented! in! this! chapter,!
during! nonCstressed! conditions! Ixr1! represses! genes! related! to! hypoxia! and!
oxidative!stress!as!already!reported!in!individual!(Lambert!et#al.,!1994;!Bordineaud!
et#al.,!2000;!CastroCPrego!et#al.,!2010a;!CastroCPrego!et#al.,!2010b)!or!wideCgenome!





metabolism! of! lipids! and! carbohydrates! (table! 3).! Besides,! Ixr1! function! is!




Table* 13.! Functional! gene! groups! overCrepresented! among! genes! with! significant!
Ixr1Cbinding!promoter!peaks!that!overlaps!between!W303!and!Δswi6#strain!treated!
with!cisplatin*


















0.002219! MPH2#MAL13#MPH3# 3! 11!
Glucose!metabolic!
process![GO:0006006]!




























A! comparison! between! the! genes! transcriptionally! regulated! by! Ixr1! in!
nonCstressed! conditions,! revealed! through! the! transcriptome! analysis,! and!
confirmation! of! Ixr1! binding! from! ChIPConCchip! data! (figure! 6b)! shows! that! the!
overlap! is! low! (≈5%).! This! result! is! consistent!with! previous! data! reported! in! the!




al.,! 2011;! Bianco! et# al.,! 2014).! Compassing! to! our! description! the! nomenclature!
from!Para!and!coCworkers!(Para!et#al.,!2014),!we!will!designate!those!showing!Ixr1!
binding!and!regulation!as!“stable!targets”;!those!without!Ixr1!binding!but!regulated!
as! “transient! targets”;! and! those! with! Ixr1! binding! but! not! regulated! as! “poised!
targets”.! Besides,! we! will! have! also! to! consider! possible! examples! of! “indirect!
regulation”!mediated!by!other!secondary!TF!that!is!a!“stable!or!transient!target”!of!
Ixr1!(Figure!8).!!
Among! the! “stable! targets”! (table! 9)! which! are! transcriptionally! upC
regulated,! there!are!several!genes!related!to!cell!wall!organization! (WSC4,#ECM4,#
SVS1),! amino! acid! transport! (ALP1,# AVT6)! or! the! membrane! transporter! CRC1,!
required!for!the!carnitineCdependent!transport!of!acetylCCoA!from!peroxisomes!to!
mitochondria!during!fatty!acid!betaCoxidation!(van!Roermund!et#al.,!1999).!On!the!
other! hand,! among! the! “stable! targets”,! which! are! transcriptionally! downC
regulated,! are! up! to! 14! genes! encoding! proteins! intrinsic! to! membrane! with!
different! cellular! functions! (ATF2,# DAL5,# MEP1,# ERG3,# YMC2,# FLR1,# HXT1,# PLB2,#












Figure* 8.! Schematic! representation!of! (a)! “stable! targets”,! (b)! “poised! targets”,! (c)! “transient! targets”!
and! (d)! indirect! regulation! by! “transient! targets”! proposed! based! on! the! results! obtained! by!
transcriptomic! and! ChIPConCchip! experiments! in! the! present! work.! Functional! distribution! of! GO! of!
different!groups!are!showed!(obtained!by!PANTHER).!!
Poised! targets! (Ixr1! binding! without! regulation)! are! among! the! most!
abundant!in!our!analysis!(≈50%)!(Figure!8b).!They!might!represent!preCcharged!preC
complexes!at!specific!promoters!waiting!for!a!necessary!TF/signal/modification!not!
present! in! the! analysed! conditions! as! previously! suggested! (Para! et# al.,! 2014).!
Besides,! considering! the! peculiar! characteristics! of! Ixr1,! with! two! HMGCbox!
domains,! one! predicted! as! SS! and! other! NSS! (CastroCPrego! et# al.,! 2010b),! they!
might!be!caused!by!unspecific!binding!of!Ixr1!to!DNA.!However,!Ixr1!binding!to!this!
poised! targets! is! more! stable! than! the! produced! with! transient! targets,! which!








that! encode! the! transcriptional! activators! described! before! (section! 3.4! of! this!
chapter). 
Almost! half! (≈45%)! of! genes! regulated! by! Ixr1! are! “transient! targets”!
(Figure!8c!and!8d).!This!concept!(as!defined!in!Para!et#al.,!2014)!assumes!that!the!
regulator,!Ixr1!in!our!study,!was!able!to!interact!with!the!regulated!promoter,!but!
the! time!course!of! the! interaction!was! so! fast! that! could!not!be!captured!by! the!
ChIP! event.! Considering! that! Ixr1! is! a! HMGB! protein,! the! high! presence! of!
“transient!targets”!in!our!Ixr1!analysis!is!consequent!with!the!previous!finding!that!
HMG!proteins! are! very!dynamic! in! their! interactions!with!DNA!and!quickly!move!
along!it!(Gerlitz!et#al.,!2009;!Stros,!2010).!The!interaction!with!Ixr1!will!be!however!
necessary! to! favor! the! binding! of! other! TFs,! coCregulators! and/or! the! general!
transcriptional! machinery! in! a! “HitCandCRun! Model”! for! regulation,! similarly! to!
recently!reported!for!bZIP1!that!mediates!nitrogen!signaling!in!Arabidopsis!(Para!et#
al.,! 2014).! Indeed! the! hitCandCrun! model! of! transcription! was! first! proposed! by!
Schaffner! in! 1988! and! it! establishes! that! the! TF! organizes! an! efficient!
transcriptional! complex,! active! for! RNA! polymerase! II! transcription,! without! the!
necessity! of! TF! staying! bound! to! the!DNA! for! a! long! time! (Schaffner,! 1988).! This!
model!has!the!advantage!that!allows!explaining!a!wide!repertory!of!transcriptional!
activated! events! in! different! promoters! that! is! orchestrated! by! a! protein! of! very!
low! expression,! as! is! the! case! of! Ixr1! under! nonCstressed! conditions!
(Ghaemmaghami!et#al.,! 2003).! Further! analyses! for! the! identification!of! enriched!
sequences!for!binding!of!other!TF!in!the!promoters!of!these!transient!Ixr1!targets,!
positional!analyses!of! the!relationships!between! Ixr1!consensus!and! Ixr1Cpartners!




could! explain! the! effect! observed! upon! the! target! genes,! called! “Indirect!
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regulation”! (Figure! xd).! In! this! sense,! important! general! yeast! regulators! such! as!
Sfp1! (Xu!&!Norris,! 1998;!Volkov!et#al.,! 2002;!Marion!et#al.,! 2004;!Cipollina!et#al.,!
2005),! Abf1! (Morrow! et# al.,! 1989;! Rhode! et# al.,! 1989;! Della! Seta! et# al.,! 1990;!
Buchman! &! Kornberg,! 1990;! Chambers! et# al.,! 1990;! GailusCDurner! et# al.,! 1996;!
Planta,!1997;!Ozsarac!et#al.,!1997;!Reed!et#al.,!1999;!BeinoraviciūteCKellner!et#al.,!




Nrg2! Or! Tpo2,! which! are! positively! regulated! by! Ixr1,! sum! up! to! a! total! of! 33!
transcriptional! regulators.! Including! the! known! targets! of! these! TFs,! which! are!
effectively! downC! regulated! in! the! transcriptome! analysis! carried! with! the!Δixr1!
strain,!the!pool!of!secondary! indirect!targets!of! Ixr1!extends!to!250!genes!(Figure!
8d).! !We!have!constructed!the!regulation!network!that!connects!these!250!genes!
(Figure! 9).! The! major! nodes! are! represented! by! yeast! general! regulators! that,!
interestingly,! are! involved! in! the! regulation! of! cellular! growth! and! cell! cycle!
progression! in! response! to! nutrient! availability! external! stimuli! or! DNA! damage.!
Thus,!Sfp1!regulates!response!to!nutrients!and!stress!(Xu!&!Norris,!1998;!Volkov!et#
al.,! 2002;!Marion! et# al.,! 2004;! Cipollina! et# al.,! 2005);! Abf1! is! implicated! in! DNA!
replication!and! repair! (Morrow!et#al.,! 1989;!Rhode!et#al.,! 1989;!Della! Seta!et#al.,!








al.,! 1991;!Marzluf,! 1997)! .! Considering! these! data! altogether,! it! seems! that! Ixr1!
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! * Figure* 9.! Regulatory! network! showing! the! “regulator! of! regulators”! role! that! Ixr1! has! in! the! cell,!
represented! in! circular! (a)! or! extended! layouts! (b)! of! the! four!major! transcriptional! regulators! (Tec1,!
Sok2,! Abf1! and! Sfp1;! indicated! by! dashed! circles).! Dark! dashed! lines! indicate! direct! nodes! between!
general! regulators! and! rhombus! correspond! to! genes! that! encode! transcriptional! regulators.! Genes!




Transcriptome! data! obtained! in! this! study! reveal! that! deletion! of! IXR1#
affects!expression!of!genes!that!may!have!a!deep!impact!on!40S!and!60S!ribosomal!
subunit! maturation! (table! 4),! including! two! transcriptional! regulators:! Srd1,!
involved! in! rRNA! maturation! (Badis! et# al.,! 2008),! and! Sfp1,! associated! to!
transcription!of!ribosomal!proteins!and!other!genes!related!to!ribosome!biogenesis!
(Marion!et#al.,!2004).!!
In!Saccharomyces#cerevisiae#transcription! is! the!major! level!of!regulation!
of! ribosome! biogenesis! and! involves! all! three! nuclear! RNA! polymerases.! Pol! I!
transcribes!rDNA!encoding!the!35S!rRNA!precursor;!Pol!II!transcribes!the!ribosomal!
protein! (RP)! genes! and! the! nonCribosomal! proteins! necessary! for! ribosome!
biogenesis! (RiBi)! genes;! finally!Pol! III!produces!5S! rRNA!and! tRNA.!Approximately!
90%! of! total! cellular! transcription! is! used! for! ribosome! biogenesis! in! a! rapidly!
growing! cell! (Warner! et# al.,! 2001).! By! other! hand,! the! regulation! of! RP! genes!
respond!to!many!stress!conditions!including!heat,!oxidative!stress,!high!osmolarity!
and!DNA!damage!(Warner,!1999).!
In! yeast! and! pluriCcellular! eukaryotes,! the! target! of! rapamycin! (TOR)!
pathway!is!a!signaling!pathway!that!promotes!anabolic!processes!necessary!for!cell!
growth! (increasing!amounts!of!proteins!are!needed! for!growth)!and!proliferation!
(cell! division).! Thus! TOR! activation! promotes! ribosomal! biogenesis,! while!





and! either! Tor1! or! Tor2! and! TORC2! consists! of! Avo1,! Avo2,! Avo3,! lst8! and! Tor2!
(Martin!&!Hall,! 2005).!Tor1!and!Tor2!are! serine/threonine!kinases! that!belong! to!
the!phosphatidylinositolC3!kinase!(PI3K)!family!(Wedaman!et#al.,!2003).!TORC1!has!
been! related! to! nutrient! signals! and! controls! cell! proliferation! (Loewith! et# al.,!
2002),!meanwhile!TORC2!is!rapamycin!insensitive!and!it!is!associated!to!the!control!
of!actin!cytoskeleton!and!cell!cycle! (Jacinto!et#al.,!2004);! it! is!also! involved! in!cell!
wall!integrity!and!in!sphingolipid!metabolism!(Tabuchi!et#al.,!2006).!In!other!words,!
TORC1! mediates! the! temporal! control! of! cell! growth! by! regulating! the! various!
signaling! pathways! that! determine!mass! accumulation,! and! TORC2!mediates! the!
spatial! control! of! cell! growth! by! regulating! a! Rho!GTPase! signaling! pathway! that!
ultimately! affects! the! actin! cytoskeleton! (Martin! &! Hall,! 2005).! TORC1Cmediated!
growth! control! in! yeast! is! an! important! cellular! event,! not! only! because! of!
ribosomes! are! required! for! growth,! but! also! because! ribosome! biogenesis! is! a!
major! consumer! of! cellular! energy.! In! favourable! conditions! for! optimal! growth,!
yeast! cells! synthesize! 2000! ribosomes! per!minute.! This! requires! the! coordinated!
activity! of! all! three! RNA! polymerases! transcribing! several! hundred! of! genes! and!
therefore,! a! large! portion! of! total! cellular! energy! is! committed! to! ribosome!





nutrients! and! it! has! been! suggested! that! abundance! of! branched! amino! acids,!
especially! leucine,! regulates! TOR! activity! (Martin! &! Hall,! 2005).! Considering! that!
our!data!from!the!transcriptome!analysis! indicate!that! Ixr1! in!absence!of!stress! is!





because! apparently! yeast! cell! adjusts! its! transcriptional! program,! metabolic!
machinery! and! growth! rate! on! the! basis! of! the! nutrient! status! available! in! the!
media,!rather!than!on!the!basis!of!metabolites!actually!produced!by!the!cell!(Figure!
10)!(Zaman!et#al.,!2009;!Slattery!et#al.,!2008;!Levy!et#al.,!2007).!





polymerase! I! and! III! (Pol! I! and!Pol! III)! to! activate! the! transcription!of! 35S!and!5S!
ribosomal! DNA! (rDNA)! genes! respectively! (Li! et# al.,! 2006;!Wei! et# al.,! 2009).! The!
master! regulator! of! Ribi! and! RP! genes! is! Sfp1.! ! This! factor! localizes! inside! the!
nucleus,! in! active! growing! cells! but! it! rapidly! translocates! into! the! cytoplasm! in!
response!to!carbon!and!nitrogen!starvation,!oxidative!stress,!as!well!as!inactivation!
of! TOR! signaling! (Jorgensen! et# al.,! 2004;! Marion! et# al.,! 2004;! Fingerman! et# al.,!
2003).! TORC1! complex! regulates! Sfp1! function! via! phosphorylation! at! multiple!











Fhl1,! a! forkheadClike! protein,! together! with! its! coCregulators! Ifh1!
(coactivator)!and!Crf1!(corepressor)!has!a!dual!role!as!an!activator!and!a!repressor!
in! the! transcription!of! ribosomal!protein!genes! (Jorgensen!et#al.,! 2004;!Martin!et#
al.,! 2004;! Schawalder!et# al.,! 2004;!Wade!et# al.,! 2004;!Rudra!et# al.,! 2005).! Fhl1! is!
constitutively!bound! to!RP!gene!promoters! and! therefore! its! activity!depends!on!
their! partners! Ifh1! and! Crf1.! In! growing! cells,! TOR!maintains! Crf1! inactive! in! the!
cytoplasm!by!repressing!the!Yak1!kinase,!possibly!via!a!PKA!dependent!route.!After!
TOR! inactivation,! the! phosphorylated! Crf1! in! the! nucleus! displaces! Ifh1,! thereby!




expression! (table!3).! ! Ixr1!will! in! turn! regulate!Fhl1!and! its! two!partners! Ifh1!and!
Crf1!directly!or!through!its!effect!on!Sfp1!expression!(Figure!10).!!
In! the! formation! of! the! RNACPol! II! active! transcriptional! complex! that!
initiates!transcription!of!the!RP!genes,!and!in!which!Fhl1!and!Ifh1!are!included,!also!
participate! Sfp1,! Hmo1,! Esa1! and! Rap1! (Bustin! et# al.,! 2012).! Interestingly,! both!
Hmo1!and!Rap1,!form!part!of!the!“poised”!target!genes!of!Ixr1,!meanwhile!binding!
of! Ixr1! was! observed! in! the! exonic! region! of! Sfp1! gene! (Figure! 10).! Esa1,! is! a!
histone!acetylase!subunit!of!NuA4!that!has!been!implicated!in!the!activation!of!RP!
genes! in!yeast!(Reid!et#al.,!2000),!while!histone!deCacetylation!by!Rpd3,!a!histone!
deacetylase! subunit! of! the! Rpd3CSin3! complex! causes! repression! (Rohde! &!
Cardenas,!2003).!!
The!RNACPol!II!active!transcriptional!complex!that!initiates!transcription!of!
the! Ribi! genes! is! composed! of! Sfp1,! Dot6! and! Stb3.! Dot6,! part! of! the! “poised”!
target! genes! of! Ixr1! found! in! our! study,! is! also! a! subunit! of! the! Rpd3L! histone!
deacetylase! complex! (Shevchenko! et# al.,! 2008),! and! Stb3! interacts! with! Sin3! a!
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component! of! both! the! Rpd3S! and!Rpd3L! histone! deacetylase! complexes! (Figure!
10)!(Liko!et#al.!2007;!Silverstein!&!Ekwall,!2005).!!
The! activation! of! rDNA! transcription! by! RNA! Pol! I! depends! on! the!
formation! of! a! RNA! polymerase! I! preinitiation! complex! (PIC)! in! which! take! part!




and!after! inhibition!of! TOR1!activity! (with! rapamycin),! Tor1! is! exported! from! the!
nucleus!by!the!exportin!Crm1!(Hong!et#al.,!2006).!!
Rpd3,! a! histone! deacetylase,! has! a! negative! effect! upon! transcription! of!
both!rDNA!and!RP!genes!(Bustin!et#al.,!2012);!it!is!a!component!of!both!the!Rpd3S!
and! Rpd3L! complexes;! regulates! transcription,! silencing,! autophagy! and! other!
processes! by! influencing! chromatin! remodeling;! Rpd3(L)! recruitment! to! the!
subtelomeric! region! is! regulated! by! interaction! with! the! arginine!
methyltransferase,!Hmt1.!Again,!both!Rpd3!and!Hmt1!are!found!to!be!Ixr1!targets!
in!this!study.!
TORC1! also! regulates! cell! growth! and! proliferation! by! epigenetic!
mechanisms! that! affect! to! histones! H3! and! H4! and! a! possible! model! has! been!
suggested! in! which! HMGB! proteins! are! involved! (Chen! et# al.,! 2013).! Hmo1! is! a!
chromatin! associated! HMGB! protein! that! regulates! transcription! from! RNA!
polymerase! II! promoters! (Kasahara! et# al.,! 2008)! and! also! RNA! polymerase! I!










(HFI1,# SPT8,# ADA2,# AYT1,# NAT4),! DNA! desacetylases! (UME6,# RXT3)! and! DNA!
metylases!(JHD2,#SWD3),!and!in!this!sense!Ixr1!could!also!participate!in!epigenetic!
mechanisms!controlled!by!TORC1!(Figure!10).!!









10).! It! was! previously! described! that! Ixr1! was! involved! in! the! transcriptional!
activation! of! RNR1! to! a! DNACdamage! response! independently! of! the! Dun1CCrt1!
signaling!pathway!(Tsaponina!et#al.,!2011).!!
RapamycinCinduced!downCregulation!of!ribosomal!genes!is!suppressed!by!
activation!of! the!RasCcAMPCPKA! (protein!kinase!A)!pathway!and!TOR!controls! the!
subcellular!localization!of!PKA!and!the!PKACregulated!kinase!Yak1!(Schmelzle!et#al.,!
2004).! Many! interconnections! between! the! two! signaling! pathways! have! been!
found! (Bustin! et# al.,! 2012).! ! The! subcellular! localization! of! Sfp1,! the! master!




TOR,!via!PKA,!negatively! regulates! the!kinase!Yak1!and! thereby!maintains!Crf1! in!
the!cytoplasm!allowing!the!expression!of!RP!genes!(Martin!et#al.,!2004).!
Although!nitrogen!supply!and!principally!the!synthesis!of!glutamine!from!
glutamate,! using! the! ammonium! imported! by! the!Mep2! permease,! activates! the!
TOR!signaling!pathway!(Vinod!et#al.,!2008),!optimal!growth!also!requires!a!carbon!
source.! In! yeast,! the! cAMP/PKA! pathway,!which! regulates! according! to! nutrients!
availability,! growth,! proliferation,! metabolism,! stress! resistance,! aging,! and!
morphogenesis,! is!activated!by!glucose.!Since!TOR!and!cAMP/PKA!are!connected,!




inactive! GDPCbound! form.! When! in! their! active! conformation,! Ras! proteins!
stimulate! cAMP! production! by! direct! binding! to! adenylate! cyclase! (Toda! et# al.,!
1985).!The!GPCR!system,!composed!by!the!Gpr1!receptor!and!its!cognate!G!protein!
Gpa2,! is! other! glucoseCsensing! system! that!works! in! parallel!with! Ras! to! activate!
PKA! (Santangelo,! 2006).! Signaling! through! the!GPCR! system! is! strictly! dependent!
on!sugar!uptake!and!phosphorylation!(Rolland!et#al.,!2000;!Rolland!et#al.,!2001).!!
Hexoses!are!transported!by!the!multiple!Hxts!present!in!the!yeast!plasma!
membrane!with!different! binding! affinities,!which! allow!a!better! use!of! available!
monosaccharides!in!the!media.!In!the!absence!of!glucose!the!Rgt1!repressor!binds!
synergistically! to!multiple!sites! found! in! the!upstream!regions!of!most!HXT!genes!
































avoiding! their! nuclear! function! (Moriya! &! Johnston,! 2004).! The! glucose!
transporters!have!no!regulatory!function,!being!only!required!to!maintain!a!critical!
level!of! intracellular!glucose! to! sustain! sugar!phosphorylation,!which! is!necessary!
for!the!activation!of!the!GPCR!system!(Rolland!et#al.,!2000).!!In!addition,!neither!of!
the! two! glucose! sensors! Snf3! and! Rgt2! has! a! direct! role! in! the! cAMP! signaling!
(Rolland!et#al.,!2001).!Deletion!of!Ixr1!also!affect!the!expression!of!genes!encoding!









et# al.,! 2006)! and! therefore! it! can! elicit! a! yeast! response! to! stress.! The! stress!
responses! are! usually! accompanied! by! downCregulation! of! genes! related! to!
ribosome!synthesis!and!to!reorganization!of!metabolic!fluxes.!!




and! the! formation! of! adducts! between! cisplatin! and! modified! DNA! could!
contribute!to!displace!Ixr1!from!regulated!promoters!to!the!regions!of!DNA!lesions!
in! order! to! block! DNA! repair! and! promote! cell! dead! as! previously! established!
(McA´Nulty!&!Lippard,!1996).!To!test!this!hypothesis!we!compared!the!binding!of!
Ixr1! to! DNA! promoters! in! absence! and! presence! of! cisplatin! by! ChIPConCchip!
analyses.! However,! what! we! see! is! the! opposite! effect,! the! enrichment! in!
promoterCtargeting! in! presence! of! cisplatin! treatment,! increasing! from! 46.3%! to!
69.1%!of!promoterCtargeting!binding!regions!of!Ixr1!when!comparing!controls!and!






!(Cairns!et#al.,! 1996).!RSC! is! an!ATPCdependent! remodeling! complex! that!
modulates!the!access!to!chromatin,!and!therefore!DNA!metabolism,!including!DNA!
replication,! transcription,! recombination,! and! repair.! A! large! number! of! different!
remodeling!activities!can!be!performed!by!these!complexes,!including!exchange!or!




DSB! (Double# Strand# Breaks)! repair,! where! strains! lacking! Rsc1! or! Rsc2! protein!
components!are!hypersensitive! to!a!variety!of!DNA!damaging!agents! (Chai!et#al.,!
2005;!Shim!et#al.,!2005;!Kent!et#al.,!2007;!Chambers!et#al.,!2012).!!
The! cytotoxic! effect! of! cisplatin! in! humans! is! attributed! to! diverse!
mechanisms,!among!them!a!decrease!in!ribosome!biogenesis.!It!has!been!reported!
that! ribosomal! RNA! transcription! in# vitro# using! a! reconstituted! system,! is!
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specifically! inhibited! in! the! presence! of! cisplatinCDNA! adducts! (Zhai!et# al.,! 1998).!
The!transcription!factor!hUBF!is!a!HMGCbox!protein!that!stimulates!ribosomal!RNA!
synthesis! (Treiber! et# al.,! 1994)! but! also! has! a! high! affinity! for! cisplatinCDNA!
adducts;! in! the! reconstituted! system! a! ratio! of! adducts/promoter! binding! of!
approximately!4:1!completely!abolished!the!transcription!activated!by!hUBF!(Zhai!
et# al.,! 1998).! The! inhibition! of! ribosomal! RNA! synthesis! by! cisplatin! was! also!
demonstrated! in# vivo# (Jordan! &! CarmoCFonseca,! 1998)! and! this! inhibition! was!
accompanied! by! a! redistribution! of! UBF! and! the! transcriptional! machinery!
associated!to!RNA!polymerase! I! towards! the!nucleolus! (Jordan!&!CarmoCFonseca,!
1998).!!
In! Saccharomyces# cerevisiae# we! have! previously! shown! that! cisplatin!
represses! the! transcription! of! genes! related! to! rRNA! and! ribosomal! proteins!
synthesis! (Rodríguez! Lombardero! et# al.,! 2014),! and! therefore! this!mechanism! of!
cisplatinCinduced!cytotoxicity! is!also! functional! in!yeast.! In! this!work,!we!see! that!
deletion!of!IXR1#causes!a!decrease!in!this!repression,!which!could!contribute!to!the!
observed! increase! of! resistance! towards! cisplatin! observed! in! the! Δixr1# S.#
cerevisiae# strain! (McA´Nulty! &! Lippard,! 1996;! Huang! et# al.,! 2005).! Actively!
transcribed! rRNA! genes! in! S.# cerevisiae# are! organized! in! a! specialized! chromatin!
associated!with! the! highCmobility! group! protein! Hmo1! and! are! largely! devoid! of!
histone! molecules! (Merz! et# al.,! 2008).! Besides,! Hmo1! interacts! with! TFIID! and!
participates! in!start!site!selection!by!RNA!polymerase! II! (Kasahara!et#al.,!2008)!as!
well!as!with!Fhl1,!a!positive!transcriptional!regulator!of!RP!genes!together!with!the!
coCactivator!Ifh1,!and!therefore!may!affect!the!transcription!of!ribosomal!proteins.!
Deletion!of!Hmo1!diminishes!cisplatin! resistance! (SGD)! indicating! that!not!only! is!
necessary!for!rRNA!and!RP!transcription!but!it!is!also!a!necessary!target!of!signals!
that!promote!cisplatin!resistance.!Our!data!indicate!that!transcription!of!the!genes!
HTB2,#HTA2#and!HTA1#decreases! in! the!Δixr1#S.# cerevisiae#strain!versus#wild! type!
after! cisplatin! treatment.! Thus,! decrease! of! histones! A! and! B! availability,! as!
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consequence!of! IXR1#deletion,! could! favour!Hmo1!binding! to! specific! targets!and!
therefore,!increase!cisplatin!resistance.!!
Other! open! question! is! how! cisplatin! could! signal! the! decay! in! TOR1C!
signaling! that! is! necessary! for! the! decrease! of! ribosome! biogenesis.! The! known!
effects!of!cisplatin,!DNA!damage!and!stimulation!of!a!response!to!oxidative!stress!
(Marullo! et# al.,! 2013)! are! apparently! more! related! to! TORC2! than! to! TORC1!
signaling.! TORC2Cdependent! regulation! of! the! actin! cytoskeleton! is! required! to!
maintain! the!polarized!nature!of! cell! growth! in!budding!yeast!and! is! required! for!
endocytosis!as!well!as!genome!stability!in!response!to!DNA!damage!(deHart!et#al.,!
2003;!Shimada!et#al.,!2013).!TORC2!and!its!downstream!kinase!Ypk1!regulate!actin!
polarization! by! controlling! reactive! oxygen! species! (ROS)! accumulation;! both! by!
vacuoleCrelated! ROS,! controlled! by! the! phospholipid! flippase! kinase! Fpk1! and!
sphingolipids,! and!by!mitochondriaCmediated!ROS,! controlled!by! the!PKA! subunit!
Tpk3! (Niles! &! Powers,! 2014).! Besides,! several! connections! between! TORC1! and!
TORC2!are!arising!and!it!has!been!demonstrated!that!an!interaction!of!TORC2!with!
ribosome! is! conserved! from! yeast! to!mammals! and! necessary! for! TORC2! activity!
(Zinzalla! et# al.,! 2011);! Future! studies! are! needed! to! address! this! important!
question.!RSC!complex! is! required! for! the! transcriptional! induction!of!autophagy,!
activating!the!ATG7,!ATG8!and!ATG17!genes,!and!participates!in!the!inactivation!of!
the! TORC1! pathway,! enhancing! the! Rho1CKog1! binding! (Yu! et# al.,! 2015).!
Furthermore,! TORC1! pathway! plays! a! crucial! role! in! the! induction! of! autophagy!
(Mizushima!et#al.,! 2011)! and,! in! spite!of! the! fact! that!nutrient! starvation! inhibits!
ability!of!TOR!kinase!to!induce!autophagy!in!both!yeast!and!mammalian!cells,!little!
is!known!about! the!mechanisms!regulating! the! transcriptional!activation!of! these!
genes!and!the!role!of!the!RSC!complex!in!this!process!(Xie!et#al.,!2008).!
Other! point! derived! from! our! study! is! that! the! previously! observed! upC
regulation!of!genes!from!the!sulphur!assimilation!pathways!and!the!biosynthesis!of!
cysteine! and!methionine! pathways,! after! cisplatin! treatment! is! even! enlarged! by!
Chapter*3!!
!196!
IXR1# deletion.! This! could! also! favour! cisplatin! resistance! in! the! null! mutant! by!
increasing! chelating! groups! to! immobilise! the! Pt! compound! or! even! promote!
glutathione!biosynthesis!to!favour!antiCoxidant!reactions!or!for!cisplatin!extrusion!
out! of! the! cell! through! the! formation! of! cisplatinCglutathione! complexes.! The!
stimulation!of!a!pathway!of!amino!acid!biosynthesis!is!paradoxical!in!a!situation!in!
which! other! protein! biosynthesis! pathways! are! down! regulated,! principally! the!
biosynthesis! of! ribosomal! proteins.! However,! specific! sulphurCcontaining! amino!
acids!may!be!necessary!to!cope!with!oxidative!stress.!Besides,!ribosomal!proteins!
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Ixr1! from! Saccharomyces+ cerevisiae! is! a! protein! that! contains! two! DNA8
binding!HMG8box!domains,!A!and!B,!linked!by!only!three!amino!acids!and!flanked!
by! several! polyglutamine! regions.! In! the! present! work,! we! demonstrate!
biochemical!and!folding!differences!between!both!HMG8box!domains.!The!results!
suggest! that! HMG8box! A,! more! stable! and! with! higher! binding! affinities,! is!
necessary! to! promote! the! optimal! conformation! of! HMG8box! B,! thus! favouring!
binding!to!linear!DNA!in!a!positive!cooperativity!fashion.!Furthermore,!our!results!





associate! and! they! form! intricate! networks! of! regulatory! combinatorial! units.!








of! a! versatile! eukaryotic! DNA! binding! domain,! the! HMG8box.! Their! associations!
with! DNA! are! not! confined! to! specific! sites! but! they! have! a! highly! dynamic!
behavior,!in!a!“hit!and!run”!fashion,!scanning!the!potential!chromatin!binding!sites!















on! structural! and! phylogenetic! studies.! One! class! includes! those! that! bind! to!
distorted!DNA!with!low!or!without!sequence!specificity!(Non+Sequence+Specificity,!
NSS,! HMG8box! domains)! (Grosschedl! et+ al.,! 1994;! Bustin! and! Reeves,! 1996)! and!
have,!in!general,!two!or!more!in!tandem!arranged!HMG8box!domains.!Examples!of!
proteins! without! sequence! specificity! are! the! mammalian! HMGB184! and! UBF!
proteins,! HMGD! from!Drosophila! or! Nhp6! from! Saccharomyces+ cerevisiae.! Their!
role!is!related!to!chromatin!modification,!participating!in!many!different!functions!
such!as!co8activation!or!silencing!of!transcription!and!V(D)J!junction!recombination.!
A! second! class! of! HMG8box! containing! proteins! bind! to! DNA! by! recognizing! a!
specific!DNA!sequence!(Sequence+Specificity,!SS,!HMG8box!domains)!(Grosschedl!et+
al.,! 1994;! Bustin! and! Reeves,! 1996)! and! they! usually! contain! a! single! HMG8box!
domain.! They!generally! function!as! transcription! factors,! only!expressed! in! a! few!
cell! types,! and! they! also! contain! other! regulatory! associated! domain.! The!
determinants! for! DNA! sequence! specificity! lie! mainly! in! the! minor! wing! of! the!








a! large! DNA! bending,! ultimately! forming! complexes! of! rather! similar! structure.!
They! use! their! concave! surface! to! intercalate! one! or! two! (SS! and! NSS! HMG8box!
domains,! respectively)! bulky! hydrophobic! amino! acids! between! base8pairs! in! the!
minor!groove.!Other!extensive!protein8DNA!contacts,!not!sequence8specific!as!well!
as!hydrogen!bonds,!are!made,with! the!phosphate!backbone.!As!a! result!of! these!
interactions,!the!DNA!is!bent!and!under8wound!with!positive!roll!angles,!widening!
the! minor! groove! and! compressing! the! major! groove! (Thomas! &! Travers,! 2001;!
Stros,!2010).!!
The! IXR1! gene! of! S.+ cerevisiae! encodes! for! a! protein! of! 67.2! kDa! that!
contains!three!poly8glutamine!regions!and!two!HMG8box!domains!that!bind!to!DNA!
(Lambert!et+al.,! 1994).!Among! the! yeast!HMGB!proteins,! Ixr1!protein! is! the! least!
known,!concerning!structure!and!functions.!Its!named!from!Intra8strand!cross8(X)8
link! Recognition,! because! it! was! first! characterized! during! screenings! looking! for!
structure8specific! recognition! proteins! (SSRPs)! that! bind! to! DNA! containing!
intrastrand! cross8links! formed! by! the! anticancer! drug! cisplatin.! It! has! been!
suggested!(McA'Nulty!&!Lippard,!1996)!that!Ixr1!protein!would!be!involved!in!the!
cytotoxicity! caused! by! the! drug.! In! the! proposed!mechanism,! the! binding! of! Ixr1!
protein! to! the! cisplatin8DNA! adduct! through! its! HMG8box! domains,! could! mask!





pre8activation! of! the! control! systems! of! genomic! integrity! through! the! Mec18








In! the!present!work,!we!apply! in+vitro! assays! to!characterize! the!binding!
properties!of!the!two!HMG8boxes!present!in!Ixr1!protein!(P33417)!at!positions!3608
430!(called!HMG8box!A)!and!4338503!(called!HMG8box!B),!and!to!determine!their!
role! in! the! function! of! the! protein! in! yeast! cells.! We! used! isothermal! titration!
calorimetry! (ITC)!and! fluorescence!anisotropy! to!characterize! the! thermodynamic!
aspects! of! Ixr1! protein! binding! to! different! sequence! specific! double8stranded!
DNAs,! cisplatin8modified! DNA! and! four8way! junction! cruciform! DNA.! Previous!
studies! demonstrated! that! the! existence! of! two!HMG8box! domains! in! tandem! is!
crucial! to!determine!the!specific! functions!of!proteins,!such!as!HMGB1!(Müller!et+




boxes! and! for! the! single! HMG8box! domains! A! and! B! separately.! To! this! purpose!
EMSA!assays,! fluorescence!anisotropy! (FA),! Isothermal! Titration!Calorimetry! (ITC)!
and! Fluorescence! Resonance! Energy! Transfer! (FRET)! techniques! have! been!


















































PCR! reactions! were! performed! using! Vent! polymerase! (NewEngland+
Biolabs)! and! genomic! DNA! from! Saccharomyces+ cerevisiae! BJ350! strain! as!
template.!The!PCR!products!were!gel8purified,!and!PCR! ligated! into! the!pKLSL150!
plasmid! (Mancheño! et+ al.,! 2005)! between! SacI! and! XhoI! restriction! sites.! The!
Chapter,4!!
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resulting! plasmids! were! designated! pKLSL1508Ixr1! and! pKLSL1508tandemAB.! The!
constructs! encoding! individual! HMG8box! domains! A! (residues! 3388439)! and! B!
(residues! 4308510)!were! produced!by! the! one8step! PCR8based!method!described!
by!Qi!and!co8workers!(Qi!et+al.,!2007)!using!the!primers!described!in!table!1.!PCR!
reactions!were! performed! using! Vent! polymerase! (NewEngland+ Biolabs)! and! the!
pKLSL1508tandemAB! as! template.! All! constructions! were! verified! by! DNA!
sequencing.!!
The! proteins!were! expressed! in! BL821(DE3)! cells! (Novagen)! transformed!
with! the! appropriate! plasmid,! except! full8length! protein,!which!was! expressed! in!
RosettaTM!2(DE3)pLysS!cells! (Novagen).!Production!of!overexpressed!proteins!was!
made! cultivating! the! cells! in! 2xTY! medium,! supplemented! with! 33! µg/ml!
kanamycin,!and!expression!was!induced!with!1!mg/mL!IPTG!during!3!hours!at!37!oC!
and!200!rpm!of!shaking.!After!expression,!cell!pellets!were!collected!and!lysed!by!
sonication! in!high!salt! lysis!buffer! (50!mM!sodium!phosphate!buffer,!pH!6.9,!1!M!
NaCl,! 2! mM! dithiothreitol! and! 2X! complete! protease! inhibitor! cocktail,! Roche).!
After!clarification!by!centrifugation!30!minutes!at!23000!x!g,! lysates!were!passed!
through!Sepharose!CL86b!resin! (Sigma8Aldrich)!packed! into!a!Tricorn®!column!(GE!
Healthcare)! equilibrated! in!wash! buffer! A! (50!mM! sodium! phosphate! buffer,! pH!
6.9,!200!mM!NaCl,!2!mM!dithiothreitol!and!1!mM!EDTA)!and!the!aid!of!a!peristaltic!
pump! (GE! Healthcare).! Proteins! were! eluted! in! an! AKTAprime! plus! system! (GE!
Healthcare)! by! linear! gradient! from! 0%! to! 100%! of! buffer! elution! A! (50! mM!
potassium!phosphate!buffer,!pH!6.9,!1!M!NaCl,!2!mM!dithiothreitol!and!300!mM!
lactose)!and! loaded!on!a!HisTrap!HP!5!mL!column!(GE!Healthcare)!equilibrated! in!
wash! buffer! B! (50! mM! sodium! phosphate! buffer,! pH! 6.9,! 200! mM! NaCl,! 2! mM!
dithiothreitol).!After!elution!by!linear!gradient!from!0%!to!100%!of!buffer!elution!B!
(50!mM!potassium!phosphate!buffer,!pH!6.9,! 1!M!NaCl,! 2!mM!dithiothreitol! and!











homogeinity! of! the! purified! protein! sample!was! checked! by! SDS8PAGE! (Laemmli,!
1970)!and!protein!concentrations!were!determined!by!absorbance!at!280!nm!using!
extinction! coefficients! calculated! with! Protparam!
(http://web.expasy.org/protparam/).!
To! obtain! the! 15N! labeled! proteins! used! for! the! NMR! experiments,!




labeled! protein,! 100! mM! 15NH4Cl! was! used! as! the! sole! nitrogen! source! as!
appropriate.!After!expression,!cell!pellets!were!collected!and!lysed!by!passing!four!
times! through! a! French!press! in! high! salt! lysis! buffer! (50!mM! sodium!phosphate!
buffer,!pH!6.8,!1!M!NaCl,!2!mM!dithiothreitol!and!2X!complete!protease!inhibitor!
cocktail,!Roche).!After!centrifugation!1!h!at!23000!x!g,!lysates!were!passed!through!
Sepharose! CL86b! resin! (Sigma8Aldrich)! packed! into! a! Tricorn®! column! (GE!





HisTrap! HP! 5!mL! column! (GE! Healthcare)! equilibrated! in! wash! buffer! B! (50!mM!
sodium!phosphate!buffer,!pH!6.8,!200!mM!NaCl,!2!mM!dithiothreitol).!After!elution!





200! mM! NaCl,! 2! mM! dithiothreitol! and! 1! mM! EDTA)! and! digested! with! TEV!
protease!(Sigma8Aldrich)!at!the!same!time!for!16!hours!and!8!oC.!Next!day,!proteins!
digested!were! further! purified! using! a! Heparin! HP! 5!mL! column! (GE! Healthcare)!
pre8equilibrated!with!wash!buffer!C!(20!mM!sodium!phosphate!buffer,!pH!6.8,!50!
mM!KCl,! 2!mM!dithiothreitol! and! 1!mM!EDTA)! and! extensively! dialyzed! (10!mM!
sodium! phosphate! buffer,! pH! 6.5,! 50! mM! KCl,! 2! mM! dithiothreitol! and! 1! mM!
EDTA).! The! proteins! were! concentrated! by! ultrafiltration! using! Amicon®! Ultra815!
Centrifugal!Filters,!3!kDa!(Merk8Millipore).!The!homogeneity!of!the!purified!protein!





sequences! are! summarizes! in! table! 2.! Concentrations! of! single! strands! and!
duplexes!were!determined!from!the!A260!of!the!nucleotides.!For!determination!of!
the! concentration! of! labeled! single! strands! the! contribution! of! FAM! and! TAMRA!
absorption! at! 260! nm! (28,000!M81! cm81! and! 29,000!M81! cm81,! respectively)! were!
taken! into! account.! DNA! duplexes! were! prepared! by!mixing! the! complementary!
oligonucleotides!in!equimolar!amounts,!heating!to!95!oC!for!5!minutes!and!cooling!
slowly! to! room! temperature! in! darkness.! Solutions! of! DNA! for! the! experiments!
were!prepared!by!extensive!dialysis!against!the!solvent,!as!required.!!!
DNA!platination!was!made!following!the!protocol!described!by!Cohen!and!
col.! (Cohen! et+ al.,! 2000)., Activated! cisplatin! was! obtained! by! mixing! two!
equivalents!of!silver!nitrate!with!one!equivalent!of!cisplatin!in!water!overnight.!The!




chloride.! To! obtain! the! platinated! DNA! duplex,! AVV219! oligonucleotide!was! first!
de8protected!with!ammonium!hydroxide!by!incubating!the!crude!reaction!mixtures!
at! 65! oC! for! 1! h! and! the! excess! of! reaction! was! eliminated! by! several! washes!
through! a! 3! kDa! Amicon! concentrator! (Millipore).! After! that,! AVV219!
oligonucleotide! with! isolated! GG! sites! was! platinated! with! 2.5! equivalents! of!









AVV190! AGGGCCTATTGTTGCTGCCT! W! 5’!FAM! ROX1!
AVV191! AGGCAGCAACAATAGGCCCT! C! 8! ROX1!
AVV209! AGGGCCTATTGTTGCTGCCT! W! 8! ROX1!
AVV210! AGGGCCTTGCGCAGCTGCCT! W! 5’!FAM! ROX1!
AVV211! AGGCAGCTGCGCAAGGCCCT! C! 8! ROX1!
AVV212! GTGTTGAACGGTTCACAGCG! W! 5’!FAM! HEM13!
AVV213! CGCTGTGAACCGTTCAACAC! C! 8! HEM13!
AVV214! AATTTCAATTGTTTAGAAAG! W! 5’!FAM! HEM13!
AVV215! CTTTCTAAACAATTGAAATT! C! 8! HEM13!
AVV218! TTAGTCTAGGCCTTCTATT! W! 5’!FAM! 8!
AVV219! AATAGAAGGCCTAGACTAA! C! 8! 8!
AVV228! AGGCAGCAACAATAGGCCCT! C! 5’!TAMRA! ROX1!
AVV234! GAAGAGCGATATCGCGTGCG! W! 5’!FAM! 8!
AVV235! CGCACGCGATATCGCTCTTC! C! 8! 8!
AVV249! CGCAATCCTGAGCACG! 8! 5’!FAM! 8!
AVV250! CGTGCTCACCGAATGC! 8! 8! 8!
AVV251! GCATTCGGACTATGGC! 8! 8! 8!
AVV252! GCCATAGTGGATTGCG! 8! 8! 8!
AVV210NO! AGGGCCTTGCGCAGCTGCCT! W! 8! ROX1!
AVV212NO! GTGTTGAACGGTTCACAGCG! W! 8! HEM13!
AVV214NO! AATTTCAATTGTTTAGAAAG! W! 8! HEM13!
AVV218NO! TTAGTCTAGGCCTTCTATT! W! 8! 8!
AVV234NO! GAAGAGCGATATCGCGTGCG! W! 8! 8!







Circular! dichroic! measurements! were! performed! on! a! JASCO!
spectropolarimeter! (J8815)!with!a! thermostatically!controlled!cell!holder!attached!





From! raw! data,! collected! spectra! were! buffer8subtracted! and! converted! from!
millidegrees! (Θobs,! mdeg)! to! molar! ellipticity! ([Θ],! degrees! cm
2! dmol81! residue81)!
using! the! equation! [Θ]! =! (Θobs! x!M)! /! (10! x! l! x!C),! where!M! is! the! protein!mean!
residue!molecular!weight,!l!is!the!optical!path!length!of!the!cuvette!in!centimeters,!
and! C! is! the! concentration! of! the! protein! in! mg! mL81.! The! percent! secondary!
structure!content!for!alpha!class!proteins!was!calculated!by!K2D2!method!(Perez8
Iratxeta!et+al.,!2008)!for!α8helix!class!proteins.!!
The! temperature! dependence! of! the! circular! dichroism! spectra! of! the!
















Electrophoresis! was! carried! out! at! 4! oC! and! 90! V! in! a! MiniPROTEAN! Tetracell!
system!(Bio8Rad),!and!gels!were!scanned!for!fluorescence!in!a!TyphoonTM!FLA!7000!
biomolecular! imager! v.1.2! (GE!Healthcare)! to! detect! the! FAM! fluorophore,! using!
473! nm! laser! excitation! and! a! filter! Y520.! Band! density! quantification! was!
performed! in! ImageQuant! TL! v8.1! softwate! (GE!Healthcare).! The! fraction!of!DNA!







are! the! concentration! values! of! ligand! (in! our! case,! different! DNAs),! Kd! is! the!
dissociation!constant!(in!the!same!units!that!X),!and!h!is!the!hill!slope.!
2.5.1,Fluorescence,Anisotropy,titrations,
Fluorescein8labeled! (FAM)!dsDNA!oligonucleotides! (see! table!2:!AVV1908
AVV191,! AVV2108AVV211,! AVV212+AVV213,! AVV2148AVV215,! AVV2188AVV219!
and!AVV2498AVV2508AVV2518AVV252)!were!extensively!dialyzed! (10!mM!K2HPO4!
pH!6.8,!100!mM!KCl,!2!mM!DTT,!1!mM!EDTA,!500!μg/ml!bovine!serum!albumin).!
Fluorescence! anisotropy! titrations! were! performed! at! 25! oC! on! a! Multi8modal!
SynergyTM!H1!plate!reader!(Biotek®)!using!3848well!Well!Low!Volume!Black!Round!
Bottom!Polystyrene!NBS™!Microplate!(Corning)!with!15!μl!per!well.!The!excitation!
and! detection! wavelengths! were! 485! and! 528! nm,! respectively,! with! dichroic!
mirror! (510!nm)!and!polarizer! filter! assembled.! Tumbling! rates!or! changes! in! the!
rotational! times! of! the! small! labelled8DNAs! when! are! tightly! bound! to! large!





added! protein! concentration.! For! each! competition! experiment,! the! polarization!
signal! was! followed! over! time.! As! a! result,! a! 30! minutes! incubation! period! was!
selected!as!an!adequate!time!to!reach!equilibrium!(data!not!shown).!Binding!data!
were! fitted! to! a! simple! one! site! saturation8binding! model! by! nonlinear! least!






where! R! is! the! gas! constant! (R! =! 8.314472! J! L81!mol81)! and! T! in! temperature! (T=!
288.15!K).,
Salt8titration! experiments! were! carried! out! by! adding! concentrated! KCl!
solution! into! protein/DNA! solution.! Volumen! displacements! were! taken! into!
account,! as!well! as! the! slight! dependence! of! the! anisotropy! of! free! DNA! on! salt!






! is! the! association! constant! at! the! standard! state! in! 1!M!KCl,! Z! is! the!
number!of!DNA!phosphate!groups! that! interact!with! the!peptide!and!Ψ! (0.64! for!




2003;! Dragan! et+ al.,! 2004;! Privalov! et+ al.,! 2007).! This! permits! splitting! the! Gibbs!









ITC! experiments! were! conducted! with! a! MicroCal! ITC8200! machine! (GE!
Healthcare).! Protein! and! DNA! samples! were! extensively! dialyzed! against! 3! L! of!
buffer! (10!mM!K2HPO4,!pH!6.8,!100!mM!KCl,!0.5!mM!TCEP)!and!degassed!before!
each! measurement.! Different! DNA! samples! at! suitable! concentrations! (ranging!
from!100!µM!to!500!µM)!were!titrated!in!2.5!µL!injections!to!the!cell!containing!the!
protein!at!different!concentrations!(ranging!from!20!µM!to!40!µM).!The!raw!heats!
of! injection!were!measured!while! the!cell!was! stirred!at!1000! rpm!at!25! oC.!As!a!
control,!DNA!was! titrated! into!buffer,! and! the!heat!evolved!was! subtracted! from!
the!heats!for!the!protein/DNA!injections.!The!heat!of!injection!measured!from!the!
first!titration!point!was!discarded.!Raw!heats!of!injection!were!baseline!corrected,!
integrated! with! respect! to! time,! and! fit! to! a! binding! isotherm! to! calculate! the!
dissociation! constants! and! energies! of! enthalpy! of! the! reaction! using! Origin®! v7!
SR4! scientific! plotting! software! (OriginLab!Corporation).!Macroscopic! cooperative!
constant!(ρ)!was!obtained!from!the!equation:!
! ! ! ρ+=+4β2/+β1
2+










labeled! in! one! strand! with! TAMRA! (AVV285,! acceptor)! and! with! FAM! (AVV190,!
Chapter,4!!
!226!
donor)! in! the! other! one,! and! they!were! extensively! dialyzed! (10!mM!K2HPO4! pH!
6.8,! 100! mM! KCl,! 2! mM! DTT,! 1! mM! EDTA,! 500! μg/ml! bovine! serum! albumin).!





where! I490! is! the! fluorescence!emission!of! the!extracted!TAMRA!signal!at!580!nm!
when!excited!at!490!nm,!and!I560!is#the#fluorescence#emission#of#TAMRA#at#580#nm#
when%excited%at%560%nm%where%FAM%does%not%absorb.%The%extracted%TAMRA%signal%
is# obtained# by# fitting# the# spectrum# of# the# appropriate# 3#́8FAM! only! labeled! DNA!
excited! at# 490# nm# to# the# donor# region# of# the# of# the# dual# labeled# DNA# spectra#
exited& at& 490& nm& and& subtracting& the& fluorescence& intensity& of& the& 3&́8FAM! only!
labeled!DNA!from!the!dual! labeled!DNA.!FE!can!be!used!to!measure!the!distance!




The! values! of! εFAM490/εTAMRA560! and! εTAMRA490/εTAMRA560! are!
constants! and! were! calculated! to! be! 0.149! and! 0.071! for! DNAROX1! duplex,!










for!DNAROX1!was! 75!Å.! If! one! assumes! that! the!upon!protein!binding,! the!DNA! is!





where!Dda! is! the!end8to8end!distance! in! the!presence!of!a!given!concentration!of!
protein,!and!Doda!is!the!end!to!end!distance!in!the!absence!of!protein.!!
2.9.1,NMR,spectroscopy,





quad8resonance! HCNF! probe! head! and! actively! shielded! z8gradients.! Data! were!






from! Drosophila+ melanogaster),! P09429! (HMGB1! from! Homo+ sapiens),! P26583!
(HMGB2!from!Homo+sapiens),!O15347!(HMGB3!form!Homo+sapiens)!and!Q8WW32!






box! domains! were! done! by! Phyre2! server! (Kelley! et+ al.,! 2015)!
(http://www.sbg.bio.ic.ac.uk/phyre2/html/! page.cgi?id=index)! based! on! protein!









A! multiple! alignment! of! the! two! Ixr1! HMG8box! domains! with! other!
proteins! that!contain!also!two!HMG8box!domains! in! tandem!was!made,! including!




identity! and! 44.92%! similarity! between! them.! Both! Ixr1! and! Abf2! proteins!
distinguish! from! the! others! in! the! alignment!because! they! present! a! short! linker!
region! (only! three! and! four! amino! acids,! respectively)! connecting! both!HMG8box!
domains!(figure!1a,!green!box).!!
The!HMG8box!domains!of!both! sequence8specific! (SS)!and!nonsequence8
specific! (NSS)! proteins! usually! have! a! non8polar! intercalating! residue! at! the!






(figure! 1,! represented! in! green),! meanwhile! at! the! same! position! SS! HMG8box!
domains! contain! a! polar! residue! that! forms! extra! base8specific! contacts!with! the!
DNA!by!hydrogen!bonds.!Alignment!of!Ixr1!protein!with!the!other!selected!HMGB!
proteins!shows!two!hydrophobic!amino!acids,!putative!DNA8intercalating!residues,!
in! each! HMG8box! (F369,! in! purple,! and! V388,! in! green,! for! HMG8box! A;! I442,! in!
purple,!and!L461,!in!green,!for!HMG8box!B!of!Ixr1!protein).!!
It! is! interesting! to! note! that,! although! Ixr1! protein! preferably! binds! to!
cisplatin8modified!DNA,!thus!producing!cellular!sensitization!to!the!drug!(Brown!et+
al.,! 1993;! McA'Nulty! and! Lippard,! 1996;! McA'Nulty! et+ al.,! 1996;! Rodríguez!
Lombardero! et+ al.,! 2012),! it! lacks! the! phenylalanine! present! in! hHMGB1! (at!
position!37)! (Ohndorf!et+al.,!1999)!or!Nhp6A!(at!position!48)! (Wong!et+al.,!2002),!
whose!aromatic!side!chain!located!at!the!N8terminus!of!second!α8helix!intercalates!
into! the!1,28intrastrand!DNA!adduct! formed!by!cisplatin! (figure!1,! represented! in!
yellow).!The!phenyl!ring!of!the!F37!residue!in!hMGB1!acts!as!a!wedge,!by!stacking!
onto!the!solvent!exposed!face!of!the!DNA!adduct,!and!therefore!a!F37A!mutant!is!
severely! impaired! in! its! ability! to! bind! cisplatin8modified! DNA! (Ohndorf! et+ al.,!
1999).! Instead!of!an!aromatic!amino!acid,!both!HMG8box!domains!of! Ixr1!possess!
in! the! second! intercalation! site!an!hydrophobic! residue!with!aliphatic! side!chains!
(V388! and! L461)! that! were! previously! demonstrated! to! be! involved! in! DNA!
intercalation,!as!described!in!HMG1!(Toney!et+al.,!1989;!Pil!&!Lippard,!1992;!Brown!
et+ al.,! 1993;! Chow!et+ al.,! 1994;! Lambert!et+ al.,! 1994)! SSRP1! (Chow!et+ al.,! 1994),!
mtTFA! (Chow!et+al.,!1994),!and!hUBF! (Treiber!et+al.,!1994),!but!nothing! is!known!
about!the!binding!mechanism!with!cisplatin8modified!DNA!.!
Summarizing,! the! comparative! alignment! reflects! that! both! HMG8box!
domains! of! Ixr1! protein! show! some! typical! characteristics! of! NSS! HMG8box!
domains,!although!the!absence!of!perfect!fitting!in!the!intercalating!residues!rises!









two! single!HMG8box! domains! A! and! B!were! expressed! and! purified! (for! detailed!
composition!and!properties!of!the!Ixr1!regions!analyzed!see!figure!2a!and!table!3).!
The!solubility! for! the!purified!HMG8box!domain!A!was! low,!once! the!protein!was!
separated!from!the!lectin!fused!moiety!used!as!a!tag!for!purification!(see!material!
and!methods!section);! this! is!probably!consequence!of!a!bad!or!partial! folding!of!












Tandem8AB! 3388510! 20.42! 9.59! 333!x!1086!
HMG8box!A! 3388439! 12.13! 10.18! 309!x!1086!

















intercalating! residues! and! secondary! site! (green! font)! intercalating/hydrogen! bonding! residues! are!
indicated.!!Phenylalanine!intercalating!residues!are!shown!in!yellow!font.!Conserved!residues!are!shown!
in! red! font.! First!HMG8box! domain! (HMG8box! domain!A)! is! highlighted!with! a! green! box! and! second!
HMG8box!domain!(HMG8box!domain!B)!is!highlighted!as!an!orange!box.!Linker!region!falls!into!the!grey!
box.!Residue!numbering! follows!the!original!positions!of! full8length! Ixr1!protein! (upper8side!numbers)!
and!the!rest!of!proteins!used!in!the!alignment!(right8side!numbers).!(b)!Cartoon!representation!of!the!L8
shaped!domain!structure!of!!HMG8box!A!(green)!and!HMG8box!B!(orange),!showing!the!amino!acids!that!
could!act!as! the!DNA! intercalators!F369!and! I442! in!purple!sticks,!and!V388!and!L461! in!green!sticks.!
HMG8box!A! and!HMG8box!B!were!modeled!by! Phyre2! server! using! Tox2!protein! from!Mus!musculus!
(PDB!2CO9)!and!HMGB1!from!human!(PDB!2E6O)!as!templates.!
The! DNA! sequences! used! to! study! the! interaction!with! the! Ixr1! protein!
and! its!HMG8box!domains! are!presented! in! figure!3.! They!have!been! selected! to!
represent! different!DNA! forms,!which! have! been! previously! associated! to!HMGB!
protein! interactions!specific! for! recognition!of!DNA!sequences!or!DNA!structures.!
These!are:!i)!B8form!DNA!duplexes!from!sequences!present!in!the!promoter!regions!
of! the+ROX1! (Castro8Prego!et+al.,!2010a)!and!HEM13! (Castro8Prego!et+al.,!2010b),!
which! are! genes! regulated! by! Ixr1;! ii)! DNAAT! duplex! used! to! characterize! the!
structure!of!the!complex!of!HMG8D!D74!from!Drosophila+melanogaster;! iii)!a!DNA!
without! specific! sequence! recognition! (Dragan!et+al.,! 2003);! iv)! cisplatin8modified!
DNA!from!a!previous!study!done!with!the!Ixr1!protein!(McA’Nulty!et+al.,!1996);!v)!a!
cruciform!DNA!that!plays!an!important!role!in!the!regulation!of!natural!processes,!
including! replication,! regulation! of! gene! expression,! nucleosome! structure! and!









Figure, 2.! (a)! Sequences! of! the! Ixr1! protein! regions,! which! were! object! of! our! study;! Ixr1! full8length!
protein!sequence!was!omitted.!Residues!that!form!the!globular!domain!of!the!protein!are!enclosed!in!











Figure, 3.!DNA!templates!used! in! this! study,! including! lineal!duplexes! (DNAROX1,!DNAHEM13_1,!DNAHEM13_2!
and! DNATA),! platinated! DNA! (DNACisplatin)! and! four8way! junctions! (DNACruciform).! Unlabeled! DNAs! were!
used! in! calorimetric,! circular! dichroism,! NMR,! SAXs! and! fluorescence! anisotropy! competition!













comparison! suggests! that! HMG8box! A! and! HMG8box! B! have! the! ability! to! fold!
independently.! The! lower! content! in! α8helix! of! HMG8box! A! may! be! due! to! the!
amino! terminal! tail! included! in! the! protein! purified! (table! 4).!When! folding! was!
analyzed! after! adding! a! linear!DNA! containing! a! specific! sequence! recognized! by!
Ixr1,!and!corresponding!to!the!promoter!region!of!the!ROX1!gene!(Castro8Prego!et+
al.,! 2010a),! only! the! tandem8AB! protein! showed! a! slight! increase! in! α8helical!
content! (7%)! (figure!4a),!meanwhile! individual!HMG8box!domains!did!not!change!
their!circular!dichroism!profiles!(figures!4b!and!4c).!This!result! indicates!that!both!




Protein! α8helix! β8strand! Random!coil!
Tandem8AB! 69! 2! 29!
Tandem8AB!+!DNAROX1!complex! 76! 2! 22!
HMG8box!A! 48! 8! 44!
HMG8box!A!+!DNAROX1!complex! 48! 8! 44!
HMG8box!B! 69! 2! 29!
HMG8box!B!+!DNAROX1!complex! 69! 2! 29!
,
3.1.2.2.1,Thermodynamics,of,DNA,binding,by,Ixr1,protein,
The! characterization! of! the! energetic! components! that! take! part! in! the!
formation! of! the! protein8nucleic! acid! complexes! is! important! for! a! better!
understanding! of! the! nature! of! the! different! molecular! interactions! that! govern!
transcriptional! regulation! and! modulation! of! chromatin! states.! Ixr1,! like! other!
proteins! containing! HMG8box! domains! (Thomas! &! Travers,! 2001),! interacts!
specifically! with! the! minor! groove! of! DNA,! inducing! structural! effects! such! as!
bending!and!kinking,! as! a! consequence!of! the! intercalation!of!bulky!hydrophobic!




minor! groove! and! bending! towards! the! major! grove! (Thomas! &! Travers,! 2001).!
Intercalating!residues!of!the!HMG8box!are!flanked!by!conserved!basic!residues!that!
bind! to! the!phosphodiester!bond!of!DNA!and!contribute! to! stabilize! the!complex!






of! Tandem8AB! (a),! HMG8box! A! (b)! or!
HMG8box! B! (c)! in! absence! (continuous!
















First,! the! HMG8box! domains! of! Ixr1! were! characterized! in! terms! of!
thermal! stability! by! Circular! Dichroism! (CD).! Figure! 5! shows! the! temperature!
dependence!of!the!molar!ellipticity!at!222!nm!of!individual!Ixr1!HMG8box!domains!
and! linked! in! tandem.! Results! show! a! decrease! in! the! negative! values! of! molar!
ellipticity!at!222!nm!over!the!range!from!20!oC!to!80!oC!up!to!a!value!close!to!zero,!
corresponding! to! a! completely! unfolded! state.! Besides! the! major! transition!




(Dragan! et+ al.,! 2004).! In! this! sense,! figure! 5! (continouos! lines)! shows! that! the!
ellipticity!change!below!20!oC! is!especially!pronounced! in! the!case!of!HMG8box!B!
and!tandem8AB,! indicating!that!HMG8box!B! is!specially! labile! in!solution!and!their!
binding!to!DNAROX1!could!stabilize!a!conformation.!!
The! first! derivative! of! the! circular! dichroism! melting! curves! (figure! 5!
insets)!show!that!melting!temperatures!of!HMG8box!A!and!B!of!Ixr1!are!very!close!
among! them! (table! 5).! In! the! case! of! the! tandem8AB,! a! single! transition! was!
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observed,! suggesting! that! either! HMG8box! A! and! HMG8box! B! unfold! at! similar!
temperatures,!or!unfold!in!a!cooperative!manner!(figure!5a).!When!duplex!DNAROX1!
was!added,!thermal!stability!improvement!was!only!observed!in!the!case!of!HMG8







(continuous! lines)! or! presence! of! DNAROX1!



















3.1.2.2.2., Thermodynamic, DNA1binding, constants, HMG1box, domains, of, Ixr1, by,
fluorescence,anisotropy,and,ITC,
To!elucidate! the!contribution!of! the!different!HMG8box!domains! to!DNA!
binding,! equilibrium8binding! assays! were! made! comparing! the! different!
polypeptides!purified.!Since!the!association!constants!of!the!HMG8box!domains!are!





In! a! first! approach,! DNA! binding! to! the! polypeptides! under! study! was!








Similar! values! were! obtained! for! DNAHEM13_1,! DNAHEM13_2,! DNATA! and! DNACisplatin! ,!
with! Kd! values! in! the! range! of! 10
87! for! tandem8AB! and! HMG8box! A! and! 1086! for!

















Fluorescence! anisotropy! titrations!were! then! carried!out! to!obtain!more!
accurate!association!isotherms!of!Ixr1!HMG8box!domains!to!different!types!of!DNA.!
By! fluorescence! excitation! of! the!DNA! duplex! labeled!with! FAM,! it! is! possible! to!
observe! the! anisotropy! of! its! fluorescence,! which! reflects! the! change! in! DNA!
tumbling! rate! caused! by! protein! binding,! thereby! yielding! the! binding! isotherm!
(see!Materials!and!Methods).!!
Tables! 6,! 7! and! 8! summarize! the! thermodynamic! components! of!
association! at! 30! oC! of! the! different! Ixr1! protein! regions.! Tandem8! AB+DNA!
complexes! exhibit! positive! cooperative! effects! in! the! binding! to! both! sequence!
specific!and!structure!specific!DNA!samples,!with!Hill!coefficients!between!1.5!and!
2! (less! with! DNACruciform).! Affinities! (expressed! as! association! constants,! Ka)! were!
calculated!by!fluorescence!anisotropy!and!results!show!that!the!tandem8AB!binds!
to!DNAROX1!1.582!folds!more!tightly!than!HMG8box!A,!and!up!to!7!folds!higher!than!
HMG8box! B.! This! increases! to! 60! fold! higher! when! comparing! the! tandem8
AB+DNACisplatin! with! the! HMG8box! B+DNACisplatin! complexes.! In! general,! all! protein!
constructs!analyzed!show!higher!affinities!with!modified!DNA!structures!than!with!
classical!B8form!DNA!duplexes.!For! the! tandem8AB+DNAROX1! (Ka!=!1.69!x!10
6!M81),!
tandem8AB+DNAHEM13_1! (Ka! =! 1.96! x! 10
6!M81),! tandem8AB+DNAHEM13_2! (Ka! =! 3.23! x!
106! M81)! and! tandem8AB+DNATA! (Ka! =! 3.57! x! 10










A+DNATA! (Ka! =! 1.67! x! 10
6!M81)! complexes,! affinity! constants! are! up! to! 2.75! folds!
lower! than! for! HMG8box! A+DNACisplatin! (Ka! =! 4.17! x! 10
6! M81)! or! HMG8box!
A+DNACruciform! (Ka! =! 3.57! x! 10






































































1.55! 88! 88! 834.70! 834.70! 88! 88!
DNAHEM13_2! 3.23!x!106!±!
0.02!(FA)!
1.54! 88! 88! 835.90! 835.90! 88! 88!
DNATA! 3.57!x!106!±!
0.02!(FA)!





















































































































DNAHEM13_1! 1.19!x!106!±!0.02!(FA)! 88! 833.50! 88!
DNAHEM13_2! 1.59!x!106!±!0.05!(FA)! 88! 834.20! 88!







































DNAHEM13_1! 1.19!x!105!±!1.86!(FA)! 88! 828.01! 88!
DNAHEM13_2! 1.18!x!105!±!1.50!(FA)! 88! 827.98! 88!























Because! of! the! low! difference! among! association! constants! obtained! of!
HMG8box! constructions! bound! to! duplex! DNA! with! different! sequences,!
competition! experiments!were! done!with! the! aim!of! distinguish!more! accurately!
affinity!preferences! to!different!specific!DNA!sequences.!For! that,!unlabeled!DNA!
titrations!were!performed! to! the!protein8DNAROX1!8labeled!complex!and! inhibition!
constants!(Ki)!were!calculated.!They!were!used!the!B8form!DNA!duplexes,!including!
DNAROX1,! DNAHEM13_1,! DNAHEM13_2,! DNATA! and! mutation! form! of! DNAROX1! called!
DNAROX1_mut,! in! which! the! core! sequence! 5’! AGGGCCTATTGTTGCTGCCT! 3’! was!
Figure, 7.! Klotz! plots! representing!
quantitative! analysis! of! binding! of! Tandem8
AB!(a),!HMG8box!A!(b)!and!HMG8box!B!(c)!to!
different! DNA! forms.! DNA! binding! was!
analyzed! by! measuring! fluorescence!
anisotropy! changes! of! the! 5’! fluorescein!
labelled! DNA! (20! nM! ligand)! upon! protein!
titration,! as! described! in! materials! and!
methods! section.! Sequences! of! the!
oligonucleotides! used! are!shown! in!Table! 2.!
The! resulting! semi8log! binding! isotherms!
were! fitted! to! a! 1:1! binding! model! with!







substituted! by! 5’! AGGGCCTTGCGCAGCTGCCT! 3’.! The! results! and! data! fitting!
obtained!are!summarized! in! figure!8!and!table!9.!HMGA8box!A!domain!offers!the!
highest! sequence! specificity! to!ROX1! promoter! site,! showing! lower!Ki! to!DNA
ROX1!
than!Tandem8AB!and!HMG8boxB,!and!larger!Ki!change!when!sequence!is!mutated!




Table, 9.! Inhibition! constants! obtained! to! different! lineal! DNA! duplexes! in!












































aliquots,! showing! an! initial! strong! heat! uptake! that! decreases! when! the! binding!
sites!on!DNA!become!saturated.!In!the!last!injections!of!each!titration,!only!dilution!
heat! effects! were! observed.! Figure! 9! shows! the! heat! effects! of! subsequent!
injections! of! DNAROX1! (figures! 9d! and! 9g),! DNACisplatin! (figures! 9e! and! 9h)! and!
DNACruciform! (figure! 9f)! into! solutions! of! box! HMG8box! A! and! HMG8box! B,!
respectively.! No! suitable! thermogram! was! obtained! for! HMG8box! B! binding! to!





association! constant! and! enthalpy! values! (see! tables! 7! and! 8)! with! an! integer!
stoichiometry! of! ligand:protein! close! to! 1:1! (n! ≈! 1).! In! the! case! of! HMG8box! A,!
association! constants! are! similar! to! those! obtained! by! fluorescence! anisotropy,!
meanwhile! large!differences!were!observed! for!HMG8box!B!association,!probably!
because!of!a!poor! fitting!of! the!model!with!the!recorded!data.! It! is! interesting!to!
note! that! the!binding!of!HMG8box!A! to!DNACisplatin! and!DNACruciform! is! an! enthalpy!
driven! process! (with! enthalpy! values! of! 839.93! kJ/mol! and! 844.92! kJ/mol,!
respectively),!meanwhile!the!binding!to!linear!DNAROX1!is!an!entropy!driven!process!
(ΔH! =! 30.79! kJ/mol).! In! contrast,! binding! of! HMG8box! B! to! both! DNAROX1! and!
DNACisplatin! describes! unfavorable! enthalpy! binding! values,! indicating! different!
binding! mechanisms! between! both! individual! HMG8box! domains! to! platinated!
DNA.!In!binding!reactions!there!is!a!phenomenon!known!as!the!entropy/enthalpy!
compensation,!in!which!protein!folding,!ligand!binding!and!solvent!and!salt!effects!
cause! very! large! changes! in! entropy! and! enthalpy! that! mostly! cancel! out! each!
other! to! give! small! changes! in! free! energy.! A! favourable! exothermic! enthalpy!
driven!association!is!one!with!strong!and!directional!hydrogen!bonds!that!leads!to!
a!more!rigidly!held!complex,!with!less!residual!disorder!and!unfavorable!entropy!in!
the! form! of! intermolecular! motion.! Alternatively,! the! association! can! have! a!
favorable! entropy,! and! thus!be! rather!mobile! in! its! geometry,!with! consequently!
weak!hydrogen!bonds.!The!optimum!position!of!this!balance!varies!from!one!ligand!
to! another,! and! hence! the! balance! between! enthalpy! and! entropy! varies.! Then,!
more! conformationally! rigid! complexes! have! favourable! enthalpy,!whereas!more!
mobile! ones! have! favourable! entropy.! Nevertheless,! entropy! and! enthalpy! are!
highly!influenced!by!the!large!number!of!water!molecules!released!during!binding!









Figure, 8.! Competition! assays! of! Tandem8AB! (a),! HMG8box! A! (b)! and!HMG8box! B! (c)! in! complex!with!
DNAROX1! ,!with!different!DNA! forms.!DNA!binding!was!analyzed!by!measuring! fluorescence!anisotropy!
changes!of!the!5’!fluorescein!labelled!DNA!(50!nM!ligand)!upon!unlabelled!DNA!titration,!as!described!in!
materials! and! methods! section.! Sequences! of! the! oligonucleotides! used! are! shown! in! Table! 2.! The!




























extensive! van! der! Waals! contacts! between! apolar! groups! because! of! a! more!
densely!packed!complex! interface! is! formed,!which!decreases!the!overall!positive!
enthalpy! of! binding! up! to! close! to! zero! and! produces! a! negative! heat! capacity!
effect! (enthalpy! driven).! In! contrast,! structure! specific! HMG8box+DNA! complexes!
show!positive!enthalpy!values!around!40!kJ/mol,!and!a!positive!heat!capacity!effect!
(entropy! driven).! Based! on! this,! figure! 9! shows! large! positive! enthalpy! binding!
values!to!B8form!lineal!DNA!for!both!HMG8box!domains,!indicative!of!low!number!





when! assayed! separately,! both! HMG8box! domains! present! a! thermodynamic!
signature!corresponding!to!the!previously!defined!for!the!NSS!family.!
Combining!the!two!HMG8boxes!in!the!construct!tandem8AB!(residues!3388
510)! showed! a! number! of! very! interesting! thermodynamic! binding! features.!
Overall! binding! isotherms! for! the! interaction! of! tandem8AB!with! DNAROX1! (figure!
9a),! DNACisplatin! (figure! 9b)! and!DNACruciform! (figure! 9c)! present! a! ‘biphasic’! fashion!
with!additional!heat!effects!at!high!saturation,!corresponding!with! the!binding!of!
both! HMG8box! domains.! Since! there! is! no! information! regarding! the! sequential!
DNA!binding! in! Ixr1!protein,! it! is! very! important! to!analyze! the! ITC!data!carefully!




can! be! described! by! two! different! association! constants:! the! macroscopic! and!
microscopic!association!constants.!The!macroscopic!association!constant! is!model!
independent! and! describes! the! overall! behavior! of! the! n! sites,! whereas! the!
microscopic!association!constant,!k,!takes!into!account!how!binding!occurs!at!each!




Analyzing! the! tandem8AB! binding! to! linear! DNAROX1! using! a! model! with!





box!domains.!Deduced!by! affinity! constant! correlations,!HMG8box!A! corresponds!
with! the! first!binding!event!and!HMG8box!B! (lower!affinity)!corresponds!with! the!
second!binding!site.!The!macroscopic!cooperative!constant!ρ!was!then!determined!




may!be!defined!by!either! two! independent!binding! sites!or! two! identical!binding!
sites!with!a!negative!cooperativity.!
A! model! with! two! identical! binding! sites! was! discarded! because! of! the!
binding!of!one!of!the!HMG8box!domain!excluded!the!other!one!to!the!same!ligand!




enthalpy! values,! specially! in! the! second! binding! event,! are! indicative! of! a! NSS!
binding! event,! with! lower! density! packing! protein8DNA! interface,! and! positive!
entropy!change!as!a!result!of!releasing!water!from!its!ordered!states.!However,!the!
use! of! the!model! with! two! independent! sites! is! refutable! because! the! values! of!
heat!released!due!to!DNA!binding!to!individual!HMG8box!domains!alone!(see!tables!
7! and! 8)! are! between! those! of! ∆H1! and! ∆H2,! suggesting! that! the! model! with!
independent! binding! is! unlikely.! Not! all! the! cases! are! distinguishable!
experimentally! and! sometimes! a!macromolecule!with! two! different! binding! sites!





enthalpy! favourable! binding! event,! probably! because! of! the! recognition! and!
binding! of! HMG8box! A! to! the! cisplatin! DNA! adduct,! and! a! second! enthalpy!





macromolecule,! and! the! DNA! binding! domains! present! in! the! proteins! requires!
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separating! the! overall! binding! energy! into! its! electrostatic! and! non8electrostatic!
components.! The! counter8ion! condensation! concept! is! based! on! a! linear!
dependence! between! the! logarithmic! values! of! the! measured! binding! constants!






In! general,! the! electrostatic! component! (el)! of! the! binding! energy,! which!
results! from! the! ionic! and! polar! interactions! with! the! DNA! phosphate! groups,!
predominates! over! the! non8electrostatic! (nel)! for! both,! sequence8specific! and!
structure8specific,! types! HMG8boxes! (Dragan! et+ al.,! 2003;! Dragan! et+ al.,! 2004;!
Privalov! et+ al.,! 2007).! Furthermore,! the! electrostatic! component! is! in! any! case!
independent! on! the! target! DNA.! Specificity! depends! uniquely! on! the! non!
electrostatic! component,! and! therefore! this! component! varies! with! the! DNA!
sequence,!being!higher!for!the!more!perfect!target!(Privalov!et+al.,!2011).!This!non8
electrostatic! component! is! influenced! by! protein! refolding,! a! decrease! in! the!
translational/rotational! degrees! of! freedom! and! changes! in! the! hydration! of! the!
reaction!components,!including!positive!contributions!by!dehydration!of!contacting!
groups!and!negative!contributions!by!the!incorporation!of!water!molecules!at!the!
newly! formed! interface.! Fluorescence! anisotropy! titrations! were! carried! at!
increasing!salt!concentrations,!ranging!from!100!mM!to!400!mM!of!KCl.!Figure!10!
shows! that! binding! to! different! linear! B8form!DNA! sequences! does! not! alter! the!
slope! of! the! log(Ka)! versus! log[KCl]! plots,! giving! different! but! close! extrapolated!
values!at!log[KCl]!=!0!(see!Table!10).!!In!contrast,!binding!to!non8conventional!DNAs!
(DNACisplatin! and! DNACruciform)! produce! changing! slopes,! mainly! in! the! case! of! the!







with! DNAROX1! (a),! DNAHEM13_1! (b),! DNAHEM13_2! (c),! DNATA! (d),! DNACisplatin! (e)! and! DNACruciform! (f)! upon!
increasing!KCl!concentrations!(100,!200,!300!and!400!mM!KCl)!in!10!mM!potassium!phosphate!(pH6.8).!








Table, 10.! Ionic! dependence! of! HMG8box! domains! to! different! target! DNAs,!






















































































































































































Water!activity! is! less!affected!at!these!relatively! low!concentrations!of!salt!
(1008400!mM!KCl),!and!the!entropy!effect!is!simply!proportional!to!the!number!of!
counter8ions! released! from! the! DNA! (Ha! et+ al.,! 1992;! Manning,! 2003).! As! a!
consequence,! the! logarithm! of! the! association! constant! can! be! split! in! the!
expression! log(Ka)=+ log(Ka







!! ! DNAHEM13_1 ! ! DNAHEM13_2
!










between! DNA! and! protein,! and! the! second! side! corresponds! to! the! release! of!
counter8ions! that! produces! electrostatic! effects.! From! the! slope! of! the! log(Ka)!
function! is!possible! to!calculate!number!of!phosphate!groups!which! release! their!
counter8ions! (Z)! upon! protein! binding! to! DNA,! i.e.! the! number! of! ionic! contacts!









to! DNACisplatin! produces! the! release! of! ≈9! and! ≈8! counter8ions,! respectively! (see!
table!10),!indicating!extra!salt!links!that!could!been!stabilizing!the!union,!increasing!
the!affinity!in!comparison!to!linear!DNA.!!











be! derived! by! substracting! the! non8electrostatic! Gibbs! energy! (ΔGa
nel)! from! the!
total! enthalpy! of! association! (ΔHa)! (TΔSa
nel=+ ΔHa+ P+ ΔGa
nel).! Figure! 12a! shows! that!
electrostatic! and! non8electrostatic! components! of! Gibbs! energy! do! not! change!
substantially! for! both! individual! HMG8box! domains! in! complex! with! different!
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specific! (DNAROX1,! DNAHEM13_1,! DNAHEM13_2)! in! front! of! non8specific! (DNATA)! DNA!
targets.!!
However,! HMG8box! A! shows! a! higher! non8electrostatic! component! in!
comparison! with! HMG8box! B,! representing! about! 50%! of! total! Gibbs! energy! of!
binding.! This! could! indicate! that! HMG8box! A! participates! more! actively! in! the!
selectivity! of! promoter! sequences! during! the! gene! regulation! function! of! Ixr1!
protein.!Figure!12b!shows!similar!non8electrostatic! thermodynamic!signatures! for!
both! individual! HMG8box! domains! in! the! binding! to! DNAROX1,! and! slightly!
differences!could!be!a!consequence!of!refolding!events!in!the!complex!formation.!!
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Since! spectral! overlap! exists! between! FAM! and! TAMRA! fluorophores,! a!
decrease! in! the! fluorescence! emission! of! FAM!at! 520! nm!and! an! increase! in! the!
fluorescence!emission!of!TAMRA!at!580!occur!when!the!end8to8end!distance!of!the!













3.2.1, HMG1box, B, domain, needs, to, be, in, tandem, with, A, to, reach, a, complete,
stable,folding,
A! striking! difference! in! the! organization! of! HMG8box! A! and! HMG8box! B!
domains!in!Ixr1!in!comparison!to!other!HMGB!proteins!with!two!HMG8box!domains!
is! the! short! linker! region!between! them.! In!order! to!determine!whether! the! two!
tandem! HMG8box! domains! of! Ixr1! tandem8AB! are! independent! in! solution! or!
depend! each! other! to! be! correctly! folded! due! to! its! proximity,!we! compared! 2D!
NMR!1H815N!HSQC!spectra!of!single!HMG8box!A!and!HMG8box!B!with!those!of!free!
tandem8AB.! The! cross8peaks! in! the! 1H815N! HSQC! spectrum! of! tandem8AB! (figure!
14a)!are!broader!than!cross8peaks!in!the!2D!spectrum!of!single!HMG8box!domains,!
indicating! that! the! tumbling! of! the! tandem8AB! is! slower! than! individual! ones!
(a)! (b)!
(c)!
Figure, 13.! (a)! The! change! in! fluorescence!
spectra! of! the! doubled8labeled! 20! bp!
DNAROX1! upon! titration! by! tandem8AB! (a)!
(purple),! HMG! box! A! (b)! (green)! and! HMG!
box! B! (c)! (orange),! showing! a! FRET! effect.!
The! peak! at! 520! nm! represents! the! (Figure+
13+ continued)! fluorescence! of! FAM! (the!







(figures! 15c! and! 15d).! The! addition! of! linear! DNA! to! form! tandem8AB+DNAROX1!
complex! does! not! improve! the! signal! spectra! (figure! 14b).! Although! tandem8AB!
(magenta)! peaks! can! generally! be! associated! with! corresponding! HMG8box! A!
(green)! and! HMG8box! B! (orange)! peaks,! there! are! some! differences! in! chemical!
shift! that! could! indicate! that! the! environment! is! different! in! the! tandem8AB! and!
individual!HMG8box!A!or!HMG8box!B!domains!(figure!14e).!In!the!case!of!HMG8box!
A! (figure! 14c),! 2D! spectrum! peaks! fit! well! with! the! 2D! spectrum! of! tandem8AB!
counterpart,! indicating! little! conformational! changes! in! the! single! domain.!
Nevertheless,! in! the! case! of! HMG8box! B! domain! (figure! 14d),! the! 1H815N! HSQC!
spectrum!shows!extra!peaks! in!the!8.088.5!ppm!region!that!do!not!have!magenta!










global! features! of! the! HMG8box! domains,! which! determine! the! mode! of! DNA!
recognition.!In!this!sense,!considerable!numbers!of!structural!and!thermodynamic!
studies!have!been!carried!out!in!recent!years!in!order!to!characterize!the!binding!of!




















of! single! HMG8box! domains! to! linear! DNA! (DNAROX1,! DNAHEM13_1,! DNAHEM13_2!and!
DNATA)! obtained! by! fluorescence! anisotropy! and! isothermal! titration! calorimetry!
experiments!showed!that!they!are!in!the!range!of!1087!M!and!1086!M!for!HMG8box!
A! and! HMG8box! B,! respectively.! Similar! affinity! values! were! obtained! for! single!
HMG8box!proteins!like!human!Lef1!or!HMG8D!from!D.+melanogaster!(Dragan!et+al.,!
2004)!or!other!proteins!with!two!HMG8box!domains!in!tandem!like!human!HMGB1!
(Müller! et+ al.,! 2001)! or! Hmo1! from! S.+ cerevisiae! (Kamau! et+ al.,! 2004)! in! their!







characterized! by! positive! changes! in! enthalpy! (Privalov! et+ al.,! 2009).! Indeed,!






of!highly!ordered!water!molecules! lining! the!minor!groove!of!AT8rich! sites! in! the!
DNA,!as!well!as!the!energy!required!for!DNA!bending,!which!is!not!compensated!by!
favorable!bond!formation!(Privalov!et+al.,!2007).!!
Even! though! Ixr1! protein! was! previously! described! as! a! transcription!
factor! (Castro8Prego! et+ al.,! 2010a;! Castro8Prego! et+ al.,! 2010b;! Tsaponina! et+ al.,!
2011;! Vizoso! Vázquez! et+ al.,! 2012;! Tsaponina! et+ al.,! 2013)! and! therefore! a! SS!
binding! was! expected,! our! results! show! that! both! individual! HMG8box! domains!
bind! to! sequence! specific! promoter! sites! (DNAROX1)! in! an!entropy8driven!manner,!
sharing!large!entropy!values!that!compensate!positive!enthalpy!values!of!around!≈!
40! kJ! mol81! (Tables! 7! and! 8),! which! is! characteristic! of! NSS! HMG8box! domains!
(Dragan!et+al.,!2004).!On!the!contrary,! in!sequence8specific! interactions!extensive!
van! der!Waals! contacts! between! apolar! groups! predominate! because! of! a!more!
densely!packed!complex! interface! is! formed,!which!decreases!the!overall!positive!
enthalpy!of!binding!up!to!close!to!zero.!Nevertheless,!enthalpy!values!summarized!
in!tables!7!and!8! for!binding!to! linear!DNA!do!not!allow!a!clear!distinction!of! the!
two!HMG!boxes!of!Ixr1!between!SS!or!NSS!complexes.!SRY,!typical!representative!
of!SS!HMG8box!proteins,!produce!values!of!27!kJ!mol81! in!complex!formation!with!
their! specific! DNA! sequence! (Dragan! et+ al.,! 2004)! that! does! not! fit! to! those!
presented!for!Ixr1!HMGB!boxes!(tables!7!and!8).!




distribution! shows! that! both! HMG8box! domains! have! similar! electrostatic!
components! and! consequently,! differences! in! affinities!with! the!DNA! have! to! be!
attributed! to! the! non8electrostatic! component.! In! this! sense,! competition!
experiments! (Table! 9)! showed! higher! sequence! preference! of! HMG8box! A! to!
DNAROX1! and! DNAHEM13_1! promoter! binding! sites,! meanwhile! HMG8box! B! shows!
larger! sequence! preference! to! DNAHEM13_2! promoter! binding! site,! in!
correspondence! with! the! non8electrostatic! binding! values! represented! in! figure!
12a.!
Biological! systems!are! complex!networks! that! require! careful! regulation.!
Cooperativity! is! an! effective! mechanism! of! regulation! and! provides! a! way! to!
transfer!information,!amplify!or!nullify!a!response!to!changes!in!local!concentration!
and! regulate! the! overall! reaction! pathway.! Cooperativity! is! a! thermodynamic!
parameter!that!reflects!the!influence!of!one!bound!protein!on!the!binding!affinity!
of! a! second,! and! is! a! result! of! protein8protein! interactions! and/! or! short8range!
conformational!changes!that!are! induced! in! the!protein!upon!binding!of! the!DNA!
(ligand).! Cooperative! effects! are! either! positive! (synergistic)! or! negative!
(interfering),! depending! on! whether! the! binding! of! the! first! ligand! increases! or!
decreases! the! affinity! for! subsequent! ligands.!Non8cooperative! (additive)! binding!
does!not!affect!the!affinity!for!subsequent!ligands!and!the!interaction!sites!can!be!
considered! independent.!Previous! studies!with!proteins! containing! two!HMG8box!
domains! arranged! in! tandem! have! demonstrated! that! they! bind! to! DNA! with! a!
positive!cooperative!effect.!Mitochondrial!human!Tfam!protein!has!two!HMG8box!
domains! linked! by! a! large! flexible! α8helical! region! that! confers! the! unique!
characteristic!of!produce!a!DNA!U8turn!of!180o! in!which!the!binding!and!bending!
processes! of! the! first! HMG8box! domain! assist! to! the! binding! of! the! second! one!
(Rubio8Cosials! et+ al.,! 2011).! A! positive! cooperative! relation! between! both! HMG8
boxes! was! also! observed! in! human! HMGB1! (Webb! et+ al.,! 2001)! and! Hmo1!
(Murugesapillai!et+al.,!2014).!Here!we!demonstrate!by! ITC!that!tandem8AB!region!




cooperative! way.! The! biphasic! ITC! thermogram! suggests! that! tandem8AB! binds!
sequentially! to! DNA,! and! that! HMG8box! A! binds! first! because! of! its! higher!
association! constants.! Cooperativity! is! often! ascribed! to! subtle! conformational!






favourable! for! lineal! DNA! binding,! a! previous! structural! change! on! HMG8box! A,!
upon!the!first!step!of!DNA!binding,!is!necessary.!Circular!dichroism!spectra!showed!
that! tandem8AB! in! complex!with!DNAROX1! results! in! an! increment! in! the!α8helical!
content! of! 7%!with! respect! to! the! free! protein.! Furthermore,! NMR! experiments!
showed! that!HMG8box!B! is! less! stable! in! solution! than!HMG8box!A! and! presents!
more! co8existing! conformations! than!when! it! is! co8arranged!with! HMG8box! A! in!
tandem.!!
There!are!experimental!situations!that!cannot!be!assigned!to!a!particular!
model.! For! two! or! more! binding! sites,! different! binding!models! can! give! rise! to!
mathematically! equal! binding! equations.! In! those! cases,! the! discrimination!
between!models!cannot!be!made!on!the!basis!of!binding!data!alone!and!requires!
extrathermodynamic! arguments.! Consequently,! unless! a! binding!model! has! been!
validated,! the! binding! polynomial! should! be! the! preferred! starting! point! for! the!
analysis!of!complex!binding!situations.!In!the!present!work!we!propose!a!possible!
model!for!tandem8AB!binding!to!DNA!(Figure!15).!The!analysis!from!the!ITC!data!of!
tandem8AB! determines! the! overall! binding! constant! (βj)! or! stepwise! binding!
constant! (Kj)! for! ligation!of! the! j
















HMG8box! B! (KHMGA,HMGB)! and! of! HMG8box! B! in! the! presence! of! DNAROX1! bounded! to! HMG8box! A!
(KHMGB,HMGA).! The! microscopic! cooperativity! constant,! c12,! was! determined! by! the! equation:! c12! =!
KHMGB,HMGA+/+KHMGB++=!KHMGA,HMGB+/+KHMGA.!
Because! the! thermodynamic! binding! constants! are! independent! of! the!
reaction!pathway,! the!overall!binding!constant! to! the! two!HMG8boxes!present! in!
Ixr1!is!defined!by!the!equation:!!
β2+=+KHMGB+×+KHMGA,HMGB+=+KHMGA+×+KHMGB,HMGA!
where!β2+is! the! overall! binding! constant!with! two! binding! sites,!KHMGA,HMGB+ is! the!
intrinsic!DNA!binding!constant!for!HMG8box!A!when!HMG8box!B!is!already!bound!
to! the! DNA! and+ KHMGB,HMGA! is! the! intrinsic! DNA
! binding! constant! for! HMG8box! B!
when!HMG8box!A!is!already!bound!to!the!DNA.!Thus!the!microscopic!cooperative!
constant! (c12)! is! determined! by! the! definition! of! KHMGA,HMGB/KHMGA! or!
KHMGB,HMGA/KHMGB.!!
Our! data,! derived! from! the! study! with! the! complex! formed! between!
tandem8AB!and!DNAROX1,!indicate!that!the!DNA!first!binds!to!the!HMG8box!A,!with!







site8specific! recombination! and! bends! introduced! during! the! assembly! of!
nucleoprotein!complexes!involved!in!transcription!initiation.!Subtle!preferences!of!
particular!proteins!for!particular!targets,!as!well!as!relative!abundances,!may!play!a!
crucial! role! in! orchestrating! the! contributions! of! HMG8box! proteins! to! nuclear!
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events! and! repair.! For! this! reason,! additional! studies! were! done! to! analyze! the!
binding!of!HMG8box!domains!of!Ixr1!protein!to!cisplatin8modified!DNA!(DNACisplatin)!
and! four8way! junctions! (DNACruciform).! A! striking! difference! found! between! both!
HMG8box! domains! of! Ixr1! is! the! enthalpy! sign! of! the! binding! to! DNACisplatin! and!
DNACruciform.!
In! the! particular! case! of! DNACisplatin,! tandem8AB! binding! showed! a! large!
enthalpy!changes!for!both!HMG8box!domains,!with!negative!favourable!values!for!
HMG8box! A! and! positive! unfavorable! enthalpy! binding! values! for! HMG8box! B.! In!
the! same!way,! individual! HMG8box! A! also! shows! a! favorable! enthalpy! of! 839.93!
kJ/mol,! a! value! close! to! 852.5! kJ/mol! obtained! experimentally! (Park! &! Lippard,!
2011)! and! 863! kJ/mol! by! metadynamic! simulations! (Nguyen! et+ al.,! 2014)! for!
HMGB1!complex!formation!with!platinated!DNA.!Meanwhile,!HMG8box!B!shows!an!
unfavorable! enthalpy! value! of! 38.38! kJ/mol! and! a! association! constant! 30! times!
lower!than!HMG8box!A.!In!the!case!of!tandem8AB+DNACisplatin!complex!formation,!a!
feasible! explanation! is! that! the! binding! of! HMG8box! A! to! cisplatin8modified!DNA!
adduct! (higher! affinity)! forces! HMG8box! B! to! bind! to! adjacent! DNA! regions! in! a!
entropy!driven!process,!with!high!degrees!of!freedom.!More!difficult!to!explain! is!
the! positive! enthalpy! value! of! individual! HMG8box! B! to! DNACisplatin,! and! could! be!
indicating! large! folding! rearrangements! in! the! protein! or! no! binding! to! the! DNA!
adduct,! but! to! adjacent! DNA! regions.! Nevertheless,! these! alternative! possible!
explanations!need!to!be!explored!in!future!experiments.!
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Ixr1$ is$a$ transcriptional$ regulatory$ factor$previously$ identified$as$a$player$
in$the$response$to$several$stress$conditions,$such$as$oxidative$stress$or$hypoxia,$as$
well$as$in$the$resistance$to$cisplatin$treatment.$Nevertheless,$little$is$known$about$
the$ structure$ and$ mechanism$ of$ action$ of$ this$ protein.$ Here,$ we$ cloned$ and$
purified$ several$ domains$ of$ Ixr1.$ We$ show$ that$ Ixr1$ is$ an$ intrinsically$ disorder$
protein$with$ high$ aggregation$ propensity$ and$ large$ disorganized$ regions$ flanking$
the$HMG$boxes,$which$conform$the$DNA$binding$domains.$Indeed$Ixr1$aggregation$
is$highly$ordered$and$the$protein$is$able$to$form$amyloids.$Amyloid$fibrils$are$one$
of$ the$ most$ frequent$ selfItemplating$ replicative$ states$ among$ the$ prions$
characterized$ until$ now.$ The$ relationship$ between$ Ixr1$ function$ and$ its$ prion$
capabilities$is$also$discussed.$
1.3%INTRODUCTION%
The$ term$ prion$ refers$ to$ protein$ isoforms$ with$ selfIperpetuating$
capabilities$and$dominant$phenotypes$transmitted$through$the$cytoplasm$in$a$nonI
Mendelian$fashion.$A$prion$is$formed$when$a$native$protein$adopts$an$alternative$
conformation$ (known$ as$ the$ prion$ fold),$ which$ is$ able$ to$ recruit$ soluble$ protein$
isomers$ and$ induce$ them$ to$ form$ the$ same$ prion$ fold.$ The$ selfItemplating$
replicative$ state$of$most$ biochemically$ characterized$prions$ is$ amyloid$ (Glover$et#




protein$ expression$ or$ folding,$ genetic$ mutations$ producing$ proteins$ variants$ or$






interacting$ chains$ of$ the$ same$ of$ different$ protein$ variants,$ more$ or$ less$
disordered,$ but$ that$ retain$ the$ ability$ to$ dissociate$ again.$ In$ some$ cases$ these$
aggregates$ are$ able$ to$ reorganize$ and$ form$ amyloid$ fibrils,$ protein$ aggregates$
structured$ in$ closely$ packed$ and$ highly$ ordered$ conformations.$One$ of$ the$most$
frequent$structures$characterized$in$the$amyloid$fibrils$contains$a$common$‘crossI
β’$ hydrogenIbond$ formation$ pattern,$ composed$ by$ βIstrands$ oriented$
perpendicularly$ to$ the$ fibril$ axis,$ and$ therefore$ providing$ great$ stability$ to$ the$
fibrils$(Aguzzi$et#al.,$2014).$Amyloid$fibrils$can$adopt$several$protoIfilamentItwisted$
morphologies$with$different$radii$and$stiffness$(Glover$et#al.,$1997;$DiazIAvalos$et#
al.,$ 2005).$ Prion$ formation$ and$ propagation$ is$ facilitated$ by$ its$ stability,$ the$
mechanism$ by$ which$ the$ assembly$ of$ the$ fiber$ happens$ through$ nucleatedI




(IDPs),$ or$ they$ are$ disordered$ only$ in$ certain$ regions$ of$ their$ sequences$ (i.e.,$
Intrinsically$ Disordered$ Regions,$ IDRs)$ (Aguzzi$ et# al.,$ 2014).$ Furthermore,$ studies$
about$ protein$ sequence$ conservation$ estimate$ that$ about$ 30%$ of$ eukaryotic$
proteins$contain$regions$of$more$than$30$amino$acids$that$do$not$adopt$a$defined$
structure$(Aguzzi$et#al.,$2014).$IDPs$cannot$develop$the$typical$functions$of$folded$
proteins$and$ their$existence$defies$ the$classical$ “structureIfunction”$paradigm.$ In$
general,$IDRs$are$characterized$by$low$sequence$complexity,$with$few$aromatic$and$
bulky$ hydrophobic$ residues$ and$ many$ polar$ or$ charged$ residues$ (arginine,$
glutamate,$lysine,$glutamine,$and$serine)$or$structureIbreaking$amino$acids$(glycine$
and$ proline)$ (Aguzzi$ et# al.,$ 2014).$ The$ structural$ disorder$ property$ of$ IDPs/IDRs$
offers$ several$ functional$ advantages,$ such$ as$ fast$ binding$ kinetics,$ versatile$
regulation$ by$ postItranslationImodifications$ (PTMs),$ due$ to$ easy$ accessibility$ of$
modifying$ enzymes,$ broad$ functional$ spectrum,$ and$ specificity$ without$ strong$
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binding$ (reversibility).$ All$ these$ characteristics$ are$ potentially$ beneficial$ in$
signalling$and$regulatory$tasks,$when$fast$responses$to$changes$ in$the$external$or$
internal$ environment$ are$ critical$ for$ cellular$ fitness$ and$ survival.$ As$ a$ result,$
structural$ disorder$ is$ usually$ high$ in$ transcription$ factors,$ chromatinIorganizing$
proteins,$ signalling$ adaptors$ and$ scaffolds,$ cytoskeletal$ proteins,$ and$ cellIcycle$
regulatory$proteins.$$




of$ amyloidIβ,$ tauIprotein,$ and$ the$ αIsynuclein$ fragment$ (nonIAbeta$ component,$
NAC)$ (Glenner$ &$ Wong,$ 1984;$ Ueda$ et# al.,$ 1993).$ In$ Down’s$ syndrome$ nonI
filamentous$amyloidIβ$deposits$are$observed$(Wisniewski$et#al.,$1985).$Parkinson’s$
disease$is$characterized$by$the$deposition$of$αIsynuclein$in$a$form$of$Lewy$bodies$
(LBs),$ or$ Lewy$ neurites$ (LNs);$ in$ others,$ such$ as$ NiemannIPick$ disease$ type$ C,$
subacute$ sclerosing$ panencephalitis,$ argyrophilic$ grain$ disease,$ myotonic$
dystrophy$ and$motor$ neuron$ disease,$ an$ accumulation$ of$ tauIprotein$ in$ form$ of$
neurofibrillary$ tangles$ (NFTs)$ is$ produced$ (Lee$ et# al.,$ 1991).$ Amyotrophic$ lateral$
sclerosis$(ALS)$and$frontotemporal$lobar$degeneration$(FTD)$are$both$characterized$
by$ the$ presence$ of$ cytoplasmic$ inclusions,$ which$ are$ rich$ in$ the$ transIactive$
response$ element$ DNAIbinding$ protein$ of$ 43$ kDa$ (Tdp43)$ (Nass$ et# al.,$ 2012;$
Barmada$ et# al.,$ 2014)].$ In$ canonical$ prion$ diseases,$ deposition$ of$ PrPSC$ was$
identified$ (Prusiner,$ 2001);$ Huntington’s$ diseases,$ neurodegenerative$ disorders$
caused$by$the$expansion$of$GAC$trinucleotide$repeats$that$code$for$polyQ$tracts$in$
the$ gene$ products$ (Haass$ &$ Selkoe,$ 2007);$ transmissible$ spongiform$







amyloid$ formation$ and$ growth,$ the$ infectivity$ of$ amyloid$ fibrils,$ and$ the$
relationship$between$ amyloid$ structure$ and$prion$ strain.$ Similarly$ to$mammalian$
prions,$several$yeast$proteins$are$able$to$exist$either$ in$a$normal$soluble$or$ in$an$
abnormal$ amyloid$ conformation$ that$ propagates$ stably$ in$ a$ single$ yeast$ culture$
and$ causes$ characteristic$ phenotypes$ (Liebman$ &$ Chernoff,$ 2012).$ The$ bestI
studied$prion$is$the$yeast$translationItermination$factor$Sup35$[PSI+]$(Glover$et#al.,$
1997;$ Chernoff$ et# al.,$ 2000;$ Tanaka$ et# al.,$ 2004).$ As$ a$ consequence$ of$ Sup35$
sequestration$ in$ amyloid$ fibers,$ the$ limited$ amount$ of$ soluble$ protein$ is$ not$
enough$ to$perform$ its$ function$ and$ the$ “stop$ codon$ readIthrough”$phenotype$ is$
increased,$ thus$ producing$ a$ variety$ of$ new$ traits$ that$ depend$ upon$ previously$
cryptic$genetic$variation.$ In$addition$to$Sup35,$Rnq$[PIN+]/[RNQ+]$ (Derkatch$et#al.,$
1997;$ Sondheimer$ et# al.,$ 2000;$ Patel$ &$ Liebman,$ 2007),$ Ure2$ [URE3]$ (Wickner,$




They$ are$ transmitted$ through$ the$ partitioning$ activity$ of$ the$ chaperone$ Hsp104$
(Crow$et#al.,$2011),$a$homohexameric$AAA$ATPase$that$breaks$amyloid$polymers,$








SUQ5$ can$ induce$ the$ stress$ response$ to$heat$or$ethanol$ (Eaglestone$et#al.,$1999;$
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Jung$ et# al.,$ 2000).$ On$ the$ other$ hand,$ prions$ can$ be$ regarded$ as$ “betIhedging$
devices”$(Halfmann$&$Lindquist,$2010),$increasing$the$reproductive$fitness$of$yeast$
exposed$ to$ fluctuating$ environments$ by$ creating$ different$ subpopulations$ with$
distinct$phenotypic$states.$$
The$ group$ of$ approximately$ two$ dozens$ of$ prionogenic$ proteins$
discovered$to$date$in$yeast$is$enriched$in$proteins$with$functions$associated$to$the$
processing$of$information,$including$transcription$factors$and$RNAIbinding$proteins$
(Alberti$ et# al.,$ 2009;$ Halfmann$ &$ Lindquist,$ 2010).$ When$ yeast$ cells$ experience$
stress$ that$ affects$ protein$ homeostasis$ and$ the$ protein$ folding$ machinery$ is$
compromised,$ the$ rates$ at$which$ prions$ appear$ and$ disappear$ abruptly$ increase$
(Tyedmers$ et# al.,$ 2008).$ This$ facilitates$ the$ appearance$ and$ exploration$ of$
alternative$phenotypes$ that,$with$ reasonable$ frequency,$are$beneficial$ (Halfmann$
&$Lindquist,$2010).$The$first$prion$protein$that$was$proposed$to$be$advantageous$
for$ increased$ survival$ to$ stress$ was$ Sup35,$ since$ more$ than$ 25%$ of$ derived$
phenotypes$are$advantageous$under$particular$growth$conditions$(Tyedmers$et#al.,$
2008).$ Thus,$ prionIcontaining$ yeast$ cells$ are$ able$ to$ grow$ in$ the$ presence$ of$
antibiotics,$metals$and$other$toxic$conditions,$or$with$different$carbon$or$nitrogen$
sources,$ depending$on$ the$ genetic$background$ (Tyedmers$et#al.,$ 2008).$Also,$ the$
[URE3]$ prion$ state$ utilizes$ constitutively$ poor$ nitrogen$ sources$ (Shorter$ &$
Lindquist,$2005).$$
The$ IXR1$ gene$ of$ Saccharomyces# cerevisiae$ encodes$ for$ a$ protein$ of$ 67$
kDa$ that$ contains$ three$ polyIglutamine$ regions$ and$ two$ HMGIbox$ domains$ that$
bind$to$DNA$(Lambert$et#al.,$1994).$It$was$first$characterized$by$its$ability$to$bind$to$
modified$ DNA$ containing$ intrastrand$ crossIlinks$ formed$ by$ the$ anticancer$ drug$
cisplatin$(McA'Nulty$and$Lippard,$1996;$McA'Nulty$et#al.,$1996),$masking$the$DNA$
adduct$to$the$action$of$the$Nucleotide$Excision$Repair$(NER)$system$and$conferring$





hypoxia$ (Bordineaud$ et# al.,$ 2000;$ CastroIPrego$ et# al.,$ 2010b).$ Ribonucleotide$
reductase$(Rnr)$activity$represents$the$rate$limiting$step$in$the$biosynthesis$of$the$
dNTPs$ that$ are$ required$ for$ DNA$ synthesis,$ for$ example$ in$ repair$ processes$ that$
follow$ after$ a$ DNA$ damage.$ In$ S.# cerevisiae,$RNR1$ and$RNR3$ encode$ the$ largest$
subunit$ of$ RNR,$while$RNR2$ and$RNR4$ encode$ the$ small$ subunit.$ Recently$ it$ has$
been$ reported$ that$ cisplatin$ resistance$ observed$ in$mutants$Δixr1$ follows$ a$ preI
activation$ of$ the$ control$ systems$ of$ genomic$ integrity$ through$ the$Mec1IRad53I
Dun1$via,$regulating$transcriptionally$the$levels$of$ intracellular$Rnr1$(Tsaponina$et#
al.,$ 2011;$ Tsaponina$ et# al.,$ 2013).$ Ixr1$ also$ participates$ in$ the$ transcriptional$
regulation$of$genes$that$control$the$response$to$changes$in$the$intracellular$oxygen$
levels$ (VizosoIVázquez$ et# al.,$ 2012)$ and$ oxidative$ stress$ (CastroIPrego$ et# al.,$
2010a).$$
Glutamine/asparagineIrich$ (Q/NIrich)$ domains$ are$ found$ in$ all$ known$
yeast$ prions$ as$ part$ of$ the$ “prionIformingIdomain”$ (PFD)$ required$ for$ prion$
formation$and$propagation.$Alberti$and$coIworkers$were$the$first$to$systematically$
test$ whether$ compositional$ similarity$ to$ known$ PFDs$ is$ sufficient$ to$ distinguish$
between$Q/NIrich$proteins$ that$ form$prions$and$those$that$do$not$ (Alberti$et#al.,$
2009).$ Implementing$ a$ hidden$ Markov$ model$ based$ on$ PFDs$ experimentally$
described,$they$predicted$several$prionIlike$proteins$with$high$probability$to$form$
prions$ and$ 18$ among$ them$ were$ experimentally$ verified$ as$ prion$ proteins$ by$
diverse$ approaches$ (Alberti$ et# al.,$ 2009).$ Although$ Ixr1$ appeared$ as$ a$ good$
candidate$with$a$high$score$(13th$position$of$one$hundred$candidates)$in$the$work$
of$Alberti$and$col.$ (2009)$experimental$evidences$of$ its$capacity$to$form$amyloids$
or$ prion$ characteristics$ were$ not$ reported.$ Based$ on$ this$ prediction$ and$ also$







of$ intracellular$ “foci”$ that$ can$ be$ transmitted,$ as$ evidenced$ using$ the$ Ade+$



































































and$ containing$ either$ 2$ %$ DIglucose$ (SD),$ 2$ %$ DIgalactose$ (SGal),$ or$ a$ mix$ of$
raffinose$ and$ galactose$ (SRafGal,$ 1$ %$ each),$ prepared$ as$ described$ previously$
(Zitomer$ &$ Hall,$ 1976).$ Plates$ used$ for$ prion$ curing$ contained$ 5$ mM$ guanidine$
hydrochloride$(GdmHCl).$$
Bacterial$ cells$ were$ grown$ at$ 37$ oC$ in$ LuriaIBertani$ (LB)$ or$ 2xYT$ (1,6%$













ECV681ixr1f$ cggagagctcAACACCGGTATCTCGCCC$ W$ SacI$ IXR1# +4$
ECV682r$ cggcctcgagTTATTCATTTTTTATGATC
GAACC$
C$ XhoI$ IXR1$ +1794$
AVV150$ cggcctcgagTTATTACTGTTGTTGCTGC
TGTTGC$
C$ XhoI$ IXR1$ +1008$
ECV683hmgf$ cggagagctcCCAGTGGTGAAGAAATT
ATCTTC$
W$ SacI$ IXR1$ +1012$
ECV785AV$ cggcctcgagGGTTGGGTTACCGTTTGG$ C$ XhoI$ IXR1$ +1527$
AVV295$ cagggacccggtATGTCGGATTCAAACC
AAGGCAAC$
W$ I$ SUP35$ +1$
AVV296$ cgaggagaagcccggTTATTACTGCTTTT
GTTGCTTTTGAAAGTCGTTC$
C$ I$ SUP35$ +405$
AVV290$ cagggacccggtAACACCGGTATCTCGC
CCAAAC$
W$ I$ IXR1$ +4$
AVV291$ cgaggagaagcccggTTATTATTCATTTTT
TATGATCGAACCATTTG$
C$ I$ IXR1$ +1794$
AVV292$ cgaggagaagcccggTTATTACTGTTGTT
GCTGCTGTTGCTGTTG$
C$ I$ IXR1$ +1008$
AVV293$ cgaggagaagcccggTTATTAGTTATTGC
CGCTACTAACATTGTTGTTG$
C$ I$ IXR1$ +600$
AVV294$ cagggacccggtAGTAACAACAACAGTA
ACAACAACAATGTTAG$
W$ I$ IXR1$ +541$
















W$ I$ SUP35$ +1$
AVV330$ accaccccggtgaacagctcctcgcccttgctca
cCTGCTTTTGTTGCTTTTGAAAGTCG$








C$ I$ IXR1$ +1794$
AVV333$ accaccccggtgaacagctcctcgcccttgctca
cCTGTTGTTGCTGCTGTTGCTGTTG$












C$ I$ IXR1$ +1794$
AVV337$ cagcacttccaccacctggtccacctaagCTTC
TGTTGTTGCTGCTGTTGCTGTTG$
C$ I$ IXR1$ +1008$
AVV338$ cagcacttccaccacctggtccacctaagcttG
TTATTGCCGCTACTAACATTGTTGTTG$




W$ I$ IXR1$ +1$
AVV340$ ggggaccactttgtacaagaaagctgggtcTT
CATTTTTTATGATCGAACCATTTGTAG$
C$ I$ IXR1$ +1794$
AVV341$ ggggaccactttgtacaagaaagctgggtcCT
GTTGTTGCTGCTGTTGCTGTTG$
C$ I$ IXR1$ +1008$
AVV342$ ggggaccactttgtacaagaaagctgggtcGT
TATTGCCGCTACTAACATTGTTGTTG$








W$ I$ SUP35$ +1$
AVV345$ ggggaccactttgtacaagaaagctgggtcCT
GCTTTTGTTGCTTTTGAAAGTCG$
























































PCR$ reactions$ were$ performed$ using$ Vent$ polymerase$ (NewEngland#
Biolabs)$ and$ genomic$ DNA$ from$ Saccharomyces# cerevisiae$ BJ3505$ strain$ as$
template.$ The$ PCR$ products$ were$ gelIpurified$ and$ inserted$ into$ the$ different$





Constructs$ obtained$ from$ pETNKIIhis3CILICIAmp$ were$ cloned$ following$
the$LigationIIndependent$Cloning$(LIC)$procedure.$After$the$plasmid$was$linearized$
by$ KpnI,$ compatible$ ends$ between$ plasmid$ and$ inserts$ were$ generated$ by$ T4$
polymerase$treatment$in$presence$of$dTTP$or$dATP,$respectively,$and$transformed$
in$E.#coli$competent$cells$to$repair$the$nicks.$
Constructs$ obtained$ from$ pAG426GALIccdBIEGFP$ were$ cloned$ by$
homologous$recombination$(Alberti$et#al.,$2009)$in$S.#cerevisiae$BJ3505$competent$





21(DE3)$ cells$ (Novagen)$ or$ RosettaTM$ 2(DE3)pLysS$ cells$ (Novagen).$ Cultures$








Tricorn$ column$ (GE$ Healthcare)$ equilibrated$ in$ wash$ buffer$ A$ (50$ mM$ sodium$
phosphate$buffer$pH$6.9,$200$mM$NaCl,$2$mM$dithiothreitol$and$1$mM$EDTA)$and$
the$ aid$ of$ a$ peristaltic$ pump$ (GE$ Healthcare).$ Proteins$ were$ eluted$ in$ an$ AKTAI
prime$plus$(GE$Healthcare)$by$linear$gradient$from$0%$to$100%$of$buffer$elution$A$
(50$mM$potassium$phosphate$buffer,$pH$6.9,$ 1$M$NaCl,$ 2$mM$dithiothreitol$ and$
300$ mM$ lactose)$ and$ loaded$ on$ a$ HisTrap$ HP$ 5$ mL$ column$ (GE$ Healthcare)$
equilibrated$ in$wash$buffer$B$ (50$mM$sodium$phosphate$buffer,$pH$6.9,$200$mM$
NaCl,$ 2$mM$ dithiothreitol).$ After$ elution$ by$ linear$ gradient$ from$ 0%$ to$ 100%$ of$




hours$ and$ 8$ ºC.$ Next$ day,$ proteins$ digested$ were$ further$ purified$ using$ gel$
filtration$ chromatography$ using$ a$ HiIload$ Superdex$ 200$ 16/60$ column$ (GE$
Healthcare)$ preIequilibrated$ with$ running$ buffer$ $ (50$ mM$ potassium$ phosphate$
buffer,$ pH$ 6.9,$ 100$mM$KCl,$ 2$mM$dithiothreitol$ and$ 1$mM$EDTA).$ The$ proteins$
were$concentrated$by$ultrafiltration$using$Amicon®$UltraI15$Centrifugal$Filters,$10$
kDa$(MerkIMillipore).$The$homogeneity$of$the$purified$protein$sample$was$checked$
by$ SDSIPAGE$ (Laemmli,$ 1970)$ and$ protein$ concentrations$ were$ determined$ by$
absorbance$ at$ 280$ nm$ using$ extinction$ coefficients$ calculated$ with$ Protparam$
(http://web.expasy.org/protparam/).$
The$ proteins$ obtained$ from$ pETNKIIhis3CILICIAmp$ constructions$ were$
expressed$ in$ RosettaTM$ 2(DE3)pLysS$ cells$ (Novagen)$ and$ purified$ as$ previously$
described$ (Alberti$ et# al.,$ 2009).$ Cultures$ growing$ in$ 2xYT$ medium$ were$ treated$
with$1$mM$IPTG$to$induce$the$expression$during$3$hours$at$37$oC$and$200$rpm$of$





circular$ rotation.$ Lysates$were$ then$ cleared$ for$ 30$min$ at$ 23000$ x$ g$ and$ loaded$
onto$EconoIPac®$Chromatography$columns$(BioIRad)$for$purification$using$HisPurTM$
NiINTA$ resin$ (Thermo$ Scientific),$ according$ to$ the$ manufacturers’$ instructions.$
Proteins$ were$ eluted$ (8$ M$ urea,$ 100$ mM$ NaOAc/HOAc$ pH$ 4,$ 5$ mM$ βI
mecaptoethanol),$precipitated$by$methanolIchloroform$and$resuspended$finally$in$
resuspension$buffer$(7$M$GdmHCl,$100$mM$K2HPO4,$pH$5.0,$300$mM$NaCl,$5$mM$






purifier$ system$ (GE$ Healthcare),$ preIequilibrated$ with$ running$ buffer$ $ (50$ mM$
potassium$phosphate$buffer,$pH$6.9,$100$mM$KCl,$2$mM$dithiothreitol$and$1$mM$
EDTA)$ and$ calibrated$ using$ the$ protein$ standards$ from$ BioIRad$ (bovine$
thyroglobulin$bovine$(670$kDa;$Stokes$radius:$7.8$Å);$bovine$γIglobulin$(158$kDa;$51$
Å);$chicken$ovalbumin$(44$kDa;$Stokes$radius:$31.2$Å);$equine$myoglobin$(17$kDa;$
Stokes$ radius:$19$Å);$Vitamin$B12$ (1.35$kDa)).$Blue$dextran$ (≈2$MDa)$was$used$ to$
determine$ the$ void$ volume$ (V
0
)$ of$ the$ column.$ Flow$ rate$ was$ 100$ µL/min$ and$
elution$ of$ proteins$ was$ monitored$ by$ absorbance$ at$ 280$ nm.$ The$ relative$
molecular$weight$ of$ the$ elution$peak$of$ Ixr1$ protein$was$ then$ estimated$using$ a$
standard$curve$obtained$by$plotting$the$ logarithm$of$the$molecular$weight$of$the$
known$ proteins$ against$ Kav$ (Kav$ =$ (VeIV0)/(VtIV0))$ being$ Ve$ the$ volume$ value$ of$











same$ solution$ without$ protein$ was$ placed$ in$ the$ reference$ compartment.$ The$




using$ the$ software$package$ SEDNTERP$ (http://www.rasmb.bbri.org/)$ (Laue$et# al.,$
1992).$ Sedimentation$ coefficient$ distributions$ c(s)$ and$ molar$ mass$ distribution$
c(M)$were$calculated$using$the$program$SEDFIT$(Schuck$et#al.,$2000).$$
2.6.3%Blue%native%PAGE%
Blue$ Native$ PAGE$ (BNIPAGE)$ was$ performed$ as$ previously$ described$
(Wittig$ et# al.,$ 2006),$ running$ linear$ 4%I13%$ (w/v)$ polyacrylamide$ gradient$ (gel$
dimensions$of$83$mm$x$64$mm$x$0.75$mm).$Protein$samples$were$supplemented$
with$a$tenfold$concentrated$ loading$dye$(75$mM$Imidazole,$0,1%$Ponceau$S,$50%$
glycerol,$ (w/v)).$ The$ electrophoresis$was$ started$ at$ 120$ V$ for$ thirty$minutes$ and$
continued$ for$ four$ hours$ at$ 6$mA$ at$ room$ temperature.$ Gels$ were$ stained$with$
Coomassie$brilliant$blue.$
Additional$ supporting$ SDSIPAGE$ was$ performed.$ Dilutions$ 1:1$ of$ Ixr1$
protein$ were$ done$ and$ then,$ each$ dilution$ was$ treated$ with$ 150$ µM$






Circular$ dichroism$ (CD)$ experiments$ were$ carried$ out$ in$ a$ Jasco$ JI810$
spectropolarimeter$ equipped$ with$ a$ Peltier$ PTCI423S$ system.$ Samples$ were$
dialyzed$ extensively$ against$ 10$ mM$ K2HPO4,$ pH$ 7,$ 50$ mM$ NaF,$ 1$ mM$ βI
mercaptoethanol$ and$ transferred$ to$ a$ cuvette$with$ a$ 1Imm$path$ length.$ Spectra$
were$ collected$ at$ 15$ oC$ and$ a$ bandwidth$ of$ 1$ nm$ in$ continuous$ scanning$mode,$
with$50$nm/s$scanning$rate,$and$a$response$time$of$2$s.$From$raw$data,$collected$
spectra$ were$ bufferIsubtracted$ and$ converted$ from$millidegrees$ (Θobs,$ mdeg)$ to$
molar$ellipticity$([Θ],$degrees$cm2$dmolI1$residueI1)$using$the$equation$[Θ]$=$(Θobs$x$
M)$ /$ (10$x$ l$ x$C),$where$M$ is$ the$protein$mean$residue$molecular$weight,$ l$ is$ the$
optical$path$length$of$the$cuvette$in$cm,$and$C$is$the$concentration$of$the$protein$
in$ mg$ mLI1.$ Estimations$ of$ secondary$ structure$ content$ were$ calculated$ by$
deconvolution$ of$ the$ farIUV$ CD$ spectra$ using$ the$ CDNN$ program$ (Gerald$ Böhm,$
Institut$für$Biotechnologie,$MartinI$LutherIUniversität$HalleIWittenberg,$Germany)$
as$well$ as$ the$ CONTIN$ (Provencher$ and$Glöckner,$ 1981),$ SECON3$ (Sreerama$ and$
Woody,$2000)$and$CDSSTR$(Johnson,$1999)$procedures$contained$in$the$Dichroweb$
utilities$ (http://dichroweb.cryst.bbk.ac.uk/html/$ home.shtml)$ (Whitmore$ and$
Wallace,$ 2004;$ Whitmore$ and$ Wallace,$ 2008).$ The$ SP43$ basis$ set$ was$ used$ to$
deconvolute$the$CD$spectrum.$Estimates$of$percent$secondary$structure$obtained$
from$the$four$methods$were$averaged$and$standard$deviations$calculated.$$
2,2,2ITrifluoroethanol$ (SigmaIAldrich)$ titrations$ were$ done$ adding$
increasing$concentrations$to$the$same$sample.$DNAROX1$was$obtained$by$mixing$the$
complementary$ oligonucleotides$ (AVV190,$ 5’IAGGGCCTATTGTTGCTGCCT;$ and$
AVV191,$ 5’IAGGCAGCAACAATAGGCCCT)$ in$ equivalent$molar$ amounts,$ heating$ to$
95$oC$for$5$minutes$and$cooling$slowly$to$room$temperature.$Solutions$of$DNA$for$





The$ temperature$ dependence$ of$ the$ circular$ dichroism$ spectra$ of$ the$
different$proteins$was$determined$upon$continuous$heating$with$a$rate$of$1$K$minI
1,$ in$ the$ temperature$ range$ 5I95$ oC,$ at$ 222$ nm$wavelength$ using$ a$ 0.1$ cm$ path$
length$sealed$cell.$Ellipticity$signals$were$plotted$as$a$function$of$temperature$and$
a$nonIlinear$Boltzmann$fit$was$performed;$the$melting$temperature$was$calculated$





digestion$ buffer).$ Proteinase$ K$ (SigmaIAldrich)$was$ dissolved$ at$ 1$mg$mLI1$ in$ the$




and$ electrophoresed.$ Protein$ bands$ were$ visualized$ by$ staining$ the$ gel$ with$
Coomassie$ Brilliant$ Blue$ (BioIRad)$ and$ images$were$ recorder$ in$ a$Gel$ DocTM$ XR+$
system$(BioIRad).$
Gel$ bands$ were$ manually$ excised$ and$ transferred$ to$ microcentrifuge$
tubes.$ Samples$ selected$ for$ analysis$were$ inIgel$ reduced,$ alkylated$ and$ digested$
with$trypsin$according$to$the$method$of$Sechi$and$Chait$(Sechi$&$Chait,$1998).$The$
samples$ were$ analyzed$ using$ the$ MALDI$ (MatrixIassisted$ laser$
desorption/ionization)ITOF$ (Time$ of$ Flight)/TOF$ mass$ spectrometer$ 4800$
Proteomics$Analyzer$(AB$Sciex,$Framingham,$MA,$USA)$and$4000$Series$ExplorerTM$
Software$ (AB$ Sciex).$ Data$ Explorer$ version$ 4.2$ (AB$ Sciex)$ was$ used$ for$ spectra$














for$ implementation$ in$ eppendorf$ tubes$ and$ following$ the$ release$ of$ the$ colored$
product$ oInitrophenol$ (ONP)$ from$ the$ synthetic$ substrate$ oInitrophenylIβIDI
galactopyranoside$ (ONPG)$ (SigmaIAldrich).$ The$ activity$was$measured$ in$ cellIfree$
extracts$ from$10$mL$ of$ culture$ after$ resuspending$ the$ cells$ in$ buffer$ Z$ (100$mM$
Na2HPO4,$ 40$ mM$ NaH2PO4,$ 10$ mM$ KCl,$ 1.6$ mM$ MgSO4$ and$ 2.7$ ml$ of$ βI
mercaptoethanol$ per$ liter$ of$ solution,$ pH$7).$Mechanic$ lysis$was$ performed$with$
glass$beads$(SigmaIAldrich)$and$100$µL$of$sample$were$diluted$into$400$µL$of$buffer$
Z$preIincubated$at$30$°C$for$5$minutes.$Then$250$µL$of$substrate$solution$(ONPG$4$
mg$ mLI1$ dissolved$ in$ distilled$ water)$ were$ added.$ The$ reaction$ was$ stopped$ by$
adding$250$µL$of$a$Na2CO3$1$M$solution$and$the$mixture$was$centrifuged$at$17000$x$
g$ for$ 5$ minutes$ and$ the$ OInitrophenol$ released$ into$ the$ supernatant$ was$
determined$ spectrophotometrically$ by$ absorbance$ at$ 420$ nm.$ βIgalactosidase$
activity$is$expressed$in$nanomoles$ONPG$minI1$mgI1$of$total$protein$in$the$extract.$








thermal$ stability$of$ the$ fullIlength$protein$and$ the$HMGIbox$domains$ in$ tandem,$
and$compare$the$results$of$melting$temperature$with$the$data$obtained$by$circular$
dichroism$(Ericcson$et#al.,$2006;$Niesen$et#al.,$2007).$A$preIscreening$of$dye$(Sypro$
Orange,$ SigmaIAldrich)$ and$ protein$ was$ done$ in$ order$ to$ find$ the$ best$ dye$ and$
protein$ concentrations.$ This$ was$ found$ to$ be$ 20x$ Sypro$ Orange$ for$ 30$ µM$ fullI
length$protein$and$20x$Sypro$Orange$for$50$µM$HMGIbox$domains$protein.$96Iwell$
thinIwall$PCR$plates$(Thermo$Scienctific)$sealed$with$OpticalIQuality$Sealing$Tapes$
(BioIRad)$ were$ used.$ Samples$ were$ incubated$ for$ 5$ minutes$ at$ 25$ oC$ and$ then$
heated$ to$ 95$ oC$ in$ increments$ of$ 0.5$ oC$ x$minI1$ using$ an$ iCyclerIQ$ realItime$ PCR$
machine$ (BioRad).$ Fluorescence$ of$ the$ dye$ was$ monitored$ simultaneously$ using$
λex:$ 490$ nm$and$ λem:$ 530$ nm$ filtered$wavelengths.$ Fluorescence$ intensities$were$
plotted$as$a$function$of$temperature$and$a$nonIlinear$Boltzmann$fit$was$performed$




dissolved$ in$ resuspension$ buffer$ were$ heated$ for$ 5$ min$ at$ 95$ oC$ before$ being$
diluted$to$20$μM$in$assembly$buffer$(5$mM$K2HPO4,$pH$6.6,$150$mM$NaCl,$5$mM$
EDTA,$2$mM$TCEP)$plus$20$µM$ThT$(freshly$prepared$and$added),$in$96Iwell$black$
with$ clear$ flat$ bottom$ polystyrene$ microplates$ (Corning)$ with$ 150$ μl$ per$ well.$
Fluorescence$measurements$ (λex:$450$nm;$λem:$482$nm)$were$made$with$a$MultiI
modal$SynergyTM$H1$plate$reader$(Biotek®).$De#novo#and$seeded$amyloid$assembly$
reactions$ monitored$ by$ ThT$ (Thioflavin$ T,$ SigmaIAldrich)$ fluorescence$ were$





agitation$ for$ 5$ days.$ Aggregates$ were$ then$ collected$ by$ centrifugation$ at$ 13000$
rpm$for$1$hour$and$they$were$reIsuspended$in$fresh$assembly$buffer.$To$fragment$
the$ amyloid$ fibrils,$ samples$ were$ sonicated$ in$ a$ VibraIcell$ VCX130$ sonicator$
(Sonics®)$at$70%$amplitude$during$3$minutes$(10”$on/10”$off$cycles)$on$ice.$
After$ the$ final$ fluorescence$ time$ point,$ filter$ retardation$ assays$
(Scherzinger$et# al.,$ 1999)$were$done$ to$detect$ protein$ aggregates,$which,$ due$ to$
their$size,$are$specifically$retained$on$the$membrane$surface.$Samples$were$filtered$
through$ Nanosep$ 300K$ Omega$ ultracentrifuge$ columns$ (Pall$ Corporation)$ and$ a$
volume$of$ 10$µL$of$ the$ flowIthrough$and$ the$ fraction$ retained$was$ spotted$on$a$
PROTRAN®$ nitrocellulose$ membrane$ (Whatman®)$ and$ revealed$ with$ Ponceau$ S$









week$ at$ 25$ oC$ and$ continuous$ rotation.$ Aggregates$ were$ then$ collected$ by$
centrifugation$at$13000$rpm$for$1$hour$and$reIsuspended$in$fresh$assembly$buffer.$
5$µL$ sample$was$ incubated$on$ top$of$ a$ carbonIcoated$grid$ for$5$minutes.$ Excess$
solution$ was$ removed$ and$ the$ grid$ was$ washed$ in$ two$ sequential$ drops$ of$
ultrapure$water$ (SigmaIAldrich)$ and$ subsequently$ stained$ in$ a$ 2%$uranyl$ acetate$
(w/v)$ or$ 2%$ phosphotungstic$ acid$ (w/v)$ (SigmaIAldrich)$ drop$ (five$ minutes$ and$
thirty$ seconds$ of$ incubation$ time,$ respectively),$ followed$ by$ blotting$ off$ excess$
Chaper%5$!
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The$ different$ PrDs$ of$ Ixr1$ protein$ fused$ to$ the$ Enhanced$ Green$
Fluorescent$ Protein$ (EGFP)$were$ used$ to$ investigate$ the$ amyloid$ propensities$ of$
cPrDs$in#vivo.$The$different$pAG424GALIPrDIEGFP$constructions$were$transformed$
into$ the$S.# cerevisiae$ YJW509$and$YJW584$strains,$and$ selected$ in$CMIleu$plates.$
The$pAG426GAL_SUP35N_EGFP$construct$was$used$as$a$positive$control$of$protein$
aggregation.$ Cells$ were$ grown$ in$ galactose$ or$ galactose/raffinoseIcontaining$
medium$ and$ subjected$ to$ fluorescence$microscopy$ after$ 24,$ 48$ and$ 72$ hours$ of$
growth,$using$a$Nikon$Eclipse$50i$microscope$ (Nikon®)$and$GFPHQ$filter$ (λex:$455I
485$ nm;$ dichroic$ mirror:$ 495;$ λem:$ 500I545$ nm).$ Fluorescence$ images$ were$
acquired$ with$ a$ Nikon$ Digital$ Sight$ D5I5M$ camera$ (Nikon®)$ and$ processed$ using$
NISIElements$D$v2.20$(Nikon®)$image$analysis$software.$
2.14.3%Semi3denaturing%detergent3agarose%gel%electrophoresis%(SDD3PAGE)%
Aliquots$of$ YJW584$ cell$ cultures$overexpressing$ the$different$PrDs$ fused$
to$ EGFP$were$ taken$at$ 24,$ 48$ and$72$hours$ and$harvested$by$ centrifugation$ and$
resuspended$ in$buffer$ (50$mM$Hepes,$pH$7.5,$ 150$mM$NaCl,$ 2.5$mM$EDTA,$1$%$
(v/v)$Triton$XI100,$1$mM$PMSF$and$1$x$Complete$Protease$Inhibitor$(Roche)).$Cells$
were$lysed$using$glass$beads$(SigmaIAldrich)$and$were$briefly$spun$at$3000$x$g$to$
sediment$ cell$ debris.$ The$ protein$ concentrations$ (determined$ by$ the$ Bradford$
reagent$from$BioIRad)$of$the$cell$ lysate$were$adjusted$and$mixed$with$4$x$sample$
buffer$ (2$ x$ TAE,$ 20$%$ (v/v)$ glycerol,$ 4$%$ (w/v)$ SDS$ and$ bromophenol$ blue).$ The$
samples$were$ incubated$at$ room$ temperature$ for$15$minutes$and$ loaded$onto$a$
1.8$%$(1.5$mm$thickness)$agarose$gel$containing$1$x$TAE$and$0.1$%$SDS.$The$gel$was$
run$ in$ running$ buffer$ (1$ x$ TAE,$ 0.1$ %$ SDS)$ at$ 50$ V,$ followed$ by$ blotting$ onto$ a$
Ixr1%is%an%intrinsically%disordered%protein%of%%prion3prone%nature%!
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PROTRAN®$ nitrocellulose$membrane$ (Whatman®).$ AntiIeGFP$mouse$ IgG$ Antibody$
(MA1I952;$ Thermo$ Scientific)$ and$ goat$ antiImouse$ IgGIHRP$ (scI2005;$ Santa$ Cruz$
Biotechnology)$ primary$ and$ secondary$ antibodies$ respectively,$ and$ BM$
Chemiluminiscence$ Western$ Blotting$ kit$ IMouse/Rabbit$ (Roche®)$ were$ used$ to$
detect$ the$ different$ PrDIfusion$ proteins$ in$ Amersham$ HyperfilmTM$ ECL$ High$




A$ Sup35C$ tagging$ plasmid$ (pAG415ADHIccdBISUP35C)$ was$ used$ to$
generate$ different$ PrDISup35C$ expressing$ strains.$ After$ the$ strain$ YSR100$ was$





To$ induce$ the$ prion$ state,$ the$ PrDISUP35C# strains$ were$ transformed$ with$ a$
corresponding$ pAG424GALIPrDIEGFP$ expression$ plasmid.$ Transformants$ were$
grown$ in$ SRafGalITrp$medium$ for$ 24$ hours$ and$ then$ plated$ on$ YPD$ and$ SDIAde$







are$ P33417$ (Ixr1$ protein$ from$ Saccharomyces# cerevisiae)$ and$ P05453$ (Sup35$
Chaper%5$!
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protein$ from$ Saccharomyces# cerevisiae).$ Secondary$ structure$ predictions$ were$
done$with$ JPred4$ (http://www.compbio.dundee.ac.uk/jpred/)$ (Drozdetskiy$ et# al.,$
2015)$ and$PSIPRED$v3.3$ (http://bioinf.cs.ucl.ac.uk/psipred/)$ (Jones,$ 1999;$Buchan$
et# al.,$ 2013).$ CHIplots$ and$ PONDR$ plots$ were$ obtained$ from$
http://www.pondr.com/cgiIbin/PONDR/pondr.cgi$(Romero$et#al.,$1997;$Uversky$et#
al.,$2000;$Romero$et#al.,$2001;$Obradovic$et#al.,$2003;$Obradovic$et#al.,$2005;$Xue$
et#al.,$ 2010).$Hydrophobic$ cluster$ analysis$ (HCA$plot)$ (Callebaut$et#al.,$ 1997)$was$
made$ in$ the$MeDor$ suite$ (Lieutaud$et#al.,$ 2008).$ IUPred$ (http://iupred.enzim.hu)$
(Dosztanyi$ et# al.,$ 2005a;$ Dosztanyi$ et# al.,$ 2005b),$ GlobPlot2$ v2.3$
(http://globplot.embl.de)$ (Linding$ et# al.,$ 2002)$ and$ FoldIndex$
(http://bip.weizmann.ac.il/fldbin/findex)$ (Prilusky$et#al.,$2005)$are$ included$ in$ the$
DisProt$ database.$ MoRFs$ were$ predicted$ with$ αIMoREs$ (http://biomineI
ws.ece.ualberta.ca/MoRFpred/index.html)$ (Disfani$ et# al.,$ 2012)$ and$ ANCHOR$
(http://anchor.enzim.hu/Theory.$ php)$ (Mészáros$ et# al.,$ 2009;$ Dosztányi$ et# al.,$
2009)$ algorithms.$ Prion$ domain$ predictions$ were$ obtained$ from$ PAPA$





The$ sequence$ of$ Ixr1$ is$ unrelated$ to$ other$ known$ proteins,$ except$ for$
their$ two$ HMGIbox$ DNA$ binding$ domains$ displayed$ in$ tandem,$ which$ are$
conserved$between$Ixr1$protein$and$other$HMGIbox$proteins.$Secondary$structure$
prediction$ reveals$ unfolded$ regions$ flanking$ HMGIbox$ domains,$ with$ three$ long$




content,$ and$ high$ sequence$ variability$ among$ closeIrelated$ species$ is$ associated$
with$flexibility$of$proteins.$$
$






Several$ tools$ for$disorder$prediction$were$used$ to$analyse$ the$possibility$
that$ Ixr1$could$contain$ IDRs.$The$reliability$of$disorder$prediction$comes$from$the$
use$ of$ several$ methods$ based$ on$ different$ theoretical$ approximations,$ different$
physicochemical$parameters,$or$different$applications.$Therefore,$to$avoid$pitfalls,$
different$ predictors$ were$ combined.$ To$ check$ disorder$ propensity$ based$ on$
physical/chemical$ features$ of$ amino$ acids,$ FoldIndex$ (Prilusky$ et# al.,$ 2005),$
GlobPlot$ 2$ (Linding$ et# al.,$ 2002)$ or$ HCA$ plot$ (Callebaut$ et# al.,$ 1997)$ were$ used,$
integrated$ in$ the$ local$ server$ ‘MeDor’$ (MEtaserver$ of$ DisORder)$ (Lieutaud$et# al.,$
2008).$PONDRIFIT$(Xue$et#al.,$2010),$DISOPRED2$(Ward$et#al.,$2004)$and$DisEMBL$
(Linding$ et# al.,$ 2007)$ are$ machineIlearning$ algorithms$ trained$ on$ data$ sets$ of$
disordered$ regions$ deposited$ in$ different$ databases,$ such$ as$ the$ Database$ of$
Protein$Disorder$(DisProt)$ (Sickmeier$et#al.,$2007),$ IDEAL$database$(Fukuchi$et#al.,$
2012)$ and$ MobiDB$ (Di$ Domenico$ et# al.,$ 2012).$ Finally,$ IUPred$ (Dosztanyi$ et# al.,$
2005a;$Dosztanyi$et#al.,$2005b)$was$included$to$perform$a$better$prediction$of$long$
disordered$ segments,$ avoiding$ the$ shortcomings$ and$ biases$ associated$ with$
disordered$ data$ sets$ by$ statistical$ evaluation$ of$ the$ energy,$ which$ results$ from$
interIresidue$ interactions$ to$ overcome$ the$ large$ decrease$ in$ configurational$
entropy$during$folding.$$
Figure$2$shows$the$results$obtained$for$the$fullIlength$Ixr1$protein$looking$
for$characteristics$of$ IDPs.$Compositional$profiling$comparison$of$ the$ Ixr1$protein$
with$ a$ set$ of$ known$ globular$ folded$ proteins$ from$ the$ Protein$ Data$ Bank$ (PDB)$
(Radivojac$et#al.,$2007)$shows$that$Ixr1$is$depleted$in$major$orderIpromoting$amino$
acids$ (V,$ I,$ L,$ F,$ W,$ Y)$ and$ is$ enriched$ in$ some$ disorderIpromoting$ residues,$
particularly$ Q,$ S$ and$ P.$ Typically,$ intrinsically$ disordered$ proteins$ have$ relatively$
large$segments$of$polar$amino$acids$(Uversky$et#al.,$2000).$A$plot$of$mean$residue$
charge$ against$ hydropathy$ indicates$ that$ Ixr1$ clearly$ locates$ in$ the$ disordered$
protein$ cluster$ (figure$ 2a),$ with$ low$ values$ of$ both$ parameters.$ To$ a$ better$
understanding$ of$ charge$ and$ hydropathic$ distributions,$ a$ hydrophobic$ cluster$






nature.$ HCA$ is$ a$ twoIdimensional$ helical$ representation$ of$ protein$ sequences$
focused$on$the$residues$present$in$the$hydrophobic$core$of$proteins$that$serves$as$
a$powerful$ tool$ to$ investigate$ the$basis$of$protein$ stability$and$ folding.$Figure$2b$
shows$that$ Ixr1$protein$has$extended$regions,$which$are$depleted$of$hydrophobic$
clusters$ and$ charged$ amino$ acids,$ mainly$ in$ the$ amino$ terminal$ side.$ On$ the$
contrary,$horizontal$clusters$contained$in$the$second$half$of$the$protein$correspond$
well$with$the$alpha$helices$of$the$HMGIbox$DNA$binding$domains.$Other$disorder$
predictors$ based$ on$ amino$ acid$ characteristics,$ such$ as$ GlobPlot$ 2$ or$ FoldIndex,$
also$ show$ the$high$ content$of$ IDRs$present$ in$ the$ Ixr1$protein$ (figure$2c).$ In$ the$
same$way,$several$predictors$based$on$neural$networks$such$as$IUPred$(figure$2c),$
DISOPRED2$ or$ the$ different$ variants$ of$ PONDR$ (figure$ 2d)$ also$ indicate$ that$ Ixr1$










al.,$ 2002).$ In$ the$ MG$ state,$ disorder$ regions$ can$ collapse$ to$ native$ secondary$
structures,$although$the$protein$molecule$lacks$a$wellIpacked$core,$attaining$some$
topology$ and$ a$ compact$ state$ close$ to$ that$ of$ ordered$ globular$ proteins.$On$ the$












!Figure%2.$ (a)$ChargeIhydropathy$plot$ (CHIplot)$of$ Ixr1$protein$(green$star).$Net$charge$versus$mean$
hydrophobicity$is$plotted$for$disordered$(red$circles)$and$ordered$(blue$rhombus)$proteins.$A$black$line$
separates$ the$ two$ sets,$ which$ corresponds$ with$ the$ boundary$ equation$ |<R>|$ =$ 2.785<H$ >$ −$ 1.151$
(being$|<R>|$mean$net$charge$and$<H>$mean$hydropathy)$(Uversky$et#al.,$2000).$ (b)$MeDor$graphical$
output$ of$ the$ fullIlength$ Ixr1$ protein$ (Lieutaud$et# al.,$ 2008).$ Hydrophobic$ cluster$ analysis$ (HCA$ plot)$
(Callebaut$et#al.,$1997)$indicates$enrichment$in$hydrophobic$clusters$(regions$highlighted).$Prolines$are$
indicated$ as$ a$ red$ star$ (which$ confers$ the$ greatest$ constraint$ to$ the$ polypeptide$ chain);$ glycines$ are$
indicated$as$a$black$diamond$(which$confers$the$largest$freedom$to$the$chain);$serines$are$indicated$as$
squares$with$a$point$and$threonines$as$squares$without$a$point$(both$small$polar$amino$acids$can$mask$
their$polarity$ through$HIbonding$with$ the$carbonyls$of$ the$main$chain,$particularly$within$helices).$ (c)$
Evaluation$ of$ intrinsic$ disorder$ in$ the$ Ixr1$ protein$ by$ predictors$ suitable$ for$ long$ disordered$ protein$
segments.$ Three$ disorder$ prediction$ tools$ were$ used:$ IUPred$ (red$ line)$ (Dosztanyi$ et# al.,$ 2005a;$
Dosztanyi$ et# al.,$ 2005b),$ which$ evaluates$ the$ energy$ resulting$ from$ interresidue$ contacts$ in$ globular$
proteins;$GlobPlot2$v2.3$(blue$bars),$based$on$a$running$sum$of$the$propensity$for$amino$acids$to$be$in$
an$ordered$or$disordered$state$(Linding$et#al.,$2002);$and$FoldIndex$(green$bars)$(Prilusky$et#al.,$2005),$








of$ αIMoREs$ (Disfani$et# al.,$ 2012)$ and$ANCHORIindicated$ binding$ sites$ (AiBSs)$ (Mészáros$et# al.,$ 2009;$
Dosztányi$et#al.,$2009)$are$shown$as$purple$and$green$bars$at$the$bottom$of$plot.$
To$ investigate$ the$ conformational$ properties$ of$ Ixr1$ protein$ and$ its$
oligomeric$state$in$solution,$we$expressed$and$purified$recombinant$fullIlength$Ixr1$
protein$ (1I597)$ and$ truncated$ variants$ containing$ either$ its$ NIterminal$ region$










Uversky$ et# al.,$ 2010;$ Uversky$et# al.,$ 2012)$ (figure$ 3b).$ This$ discrepancy$ between$
conformational$ behaviours$ into$ the$ SEC$ matrix$ could$ be$ related$ to$ a$ more$
extended$ shape,$ which$ hydrodynamic$ volume$ increment$ corresponds$ to$ the$
expected$for$a$MG$state$(Feldman$and$Hogue,$2000;$Bernado$and$Svergun,$2012).$$
To$ further$ investigate$ the$ oligomeric$ state$ of$ Ixr1$ in$ solution,$ analytical$
ultracentrifugation$analysis$was$made$ (AUC).$ Sedimentation$equilibrium$ (SEIAUC)$
experiments$ clearly$ indicated$ that$ the$ monomer$ is$ a$ predominant$ form$ of$ Ixr1$










logarithmically$ with$ increasing$ concentrations$ (Shriver$ et# al.,$ 2009).$ Accordingly,$
many$ proteins$ were$ reported$ to$ maintain$ a$ dynamic$ equilibrium$ between$
monomers$and$oligomers$ (DengraIPozo$et#al.,$ 2009;$Gruber$et#al.,$ 2009;$ Lunn$et#
al.,$2008).$To$check$this$possibility,$the$fullIlength$Ixr1$protein$was$titrated$from$its$
highest$ protein$ concentration$ (≈75$ µM$ to$ avoid$ aggregation)$ to$ 290$ nM$ and$
resolved$ by$ BlueInative$ PAGE$ (Wittig$ et# al.,$ 2006).$ This$ technique$ allows$ the$
separation$of$proteins$in$acrylamide$gels$according$to$their$size,$instead$of$to$their$
charge/mass$ratio.$The$addition$of$Coomassie$blue$GI250,$an$anionic$dye,$imposes$















(Figure# 3# continued)$ Sepharose$ S200$ 16/70$ sizeIexclusion$ chromatogram$ showing$ the$ elution$ times$
(minsI1)$ of$ fullIlength$ Ixr1$ protein$ (purple)$ and$ a$ protein$ standard$ from$ BioIRad$ (green);$ (1):$ bovine$
thyroglobulin$bovine$(670$kDa;$78,8$Å);$(2):$bovine$γIglobulin$(158$kDa;$51$Å);$(3):$chicken$ovalbumin$(44$
kDa;$31,2$Å);$(4):$equine$myoglobin$(17$kDa;$19$Å);$(5):$Vitamin$B12$(1,35$kDa).$Inset$plot$of$Kav$against$
Log10Rs$ and$ linear$ regression$ (Kav=$ I0,527Log10Rs$ +$ 1.1935).$ (c)$ Sedimentation$ equilibrium$ data$ of$
purified$ fullIlength$ Ixr1$ protein$ obtained$ (d)$ Sedimentation$ velocity$ data$ of$ purified$ fullIlength$ Ixr1$
protein$ obtained$ by$ optical$ absorbance$ at$ 280$ nm$ and$ fitted$ to$ the$ Lamm$ equation$ with$ SEDFIT$
program.$ The$ continuous$ sedimentation$ coefficient$ distribution$of$ the$protein$ is$ displayed$below.$ (e)$
BlueInative$ (4I12%)$ PAGE$ of$ fullIlength$ Ixr1$ protein,$ showing$ monomer$ (*)$ Ihomodimeric$ (**)$
equilibrium.$ Lanes$ 2I15$ contains$ growing$ protein$ concentrations,$ ranging$ from$ 195$ nM$ to$ 50$ µM$ (f)$
SDSIPAGE$ of$ fullIlength$ Ixr1$ protein$ after$ 150$ µM$ glutaraldehyde$ treatment$ showing$monomer$ (*)$ I
homodimeric$ (**)$ Ihigher$oligomeric$ states$ (***)$ equilibrium.$ Lanes$2I15$ contains$decreasing$protein$
concentrations,$ranging$from$50$µM$to$6$nM.$





of$ unfolded$ polypeptide$ chains$ are$ characterized$ by$ a$ prominent$ minimum$
ellipticity$in$the$vicinity$of$190$to$200$nm$and$values$close$to$zero$in$the$vicinity$of$
222$ nm$ (Daughdrill$ et# al.,$ 2005;$ ReceveurIBréchot$ et# al.,$ 2006).$ The$ farIUV$ CD$
spectrum$of$fullIlength$Ixr1$protein$(figure$4a,$black$line),$as$well$as$its$NIterminal$
truncated$ region$ (figure$ 4a,$ blue$ dotted$ line),$ revealed$ a$ typical$ profile$ for$
disordered$proteins,$meanwhile$its$HMGIbox$domains$in$tandem$(figure$4a,$green$
dashed$ line)$ showed$ predominately$ αIhelical$ structure$ as$ indicated$ by$ the$
characteristic$ minima$ at$ 208$ and$ 222$ nm.$ Indeed,$ deconvolution$ analysis$ using$
different$programs$showed$that$HMGIbox$domains$in$tandem$contains$67I71%$of$


















red$ dottedIdashed$ line)$ (CastroIPrego$ et# al.,$ 2010a).$ Other$ additives,$ including$
guanidine$hydrochloride$to$check$Polyproline$type$II$(PII)$structure$(Shi$et#al.,$2002;$
Liu$ et# al.,$ 2004)$ or$ submicellar$ concentrations$ of$ detergents$ such$ as$ sodium$
dodecyl$sulfate$(SDS)$to$check$beta$sheet$transitions$mixtures$(Zhong$and$Johnson,$
1992),$did$not$induce$significant$conformational$changes$(data$not$shown).$$
Melting$ curves$ for$ fullIlength$ Ixr1$ protein$ and$ their$ HMGIbox$ domains$
were$recorded$at$222$nm$(figure$4c).$No$large$differences$were$observed$between$
both$proteins,$with$estimated$melting$ temperatures$of$48.35$oC$ for$ Ixr1p$protein$
and$ 46.36$ oC$ for$ HMGIbox$ domains,$ indicating$ that$ thermal$ stability$ is$ provided$
only$by$the$HMGIbox$domain$folding$and$the$rest$of$protein$may$be$unstructured.$







solid$ line),$ Ixr1$ NIterminal$ truncated$ region$ (blue$ dotted$ line),$ Ixr1$ HMGIbox$ domain$ (green$ dashed$
lines)$ and$ Ixr1IDNAROX1$ complex$ (red$ dottedIdashed$ line).$ (b)$ TFE$ titration$ into$ Ixr1$ protein.$ The$
concentrations$range$from$0%$to$60%$(from$black$to$grey),$with$intermediate$concentration$of$5,$10,$20,$











protease$used$ in$ a$ limited$proteolysis$ experiment$ require$ a$ large$ conformational$
change$ (local$unfolding)$of$a$stretch$of$up$ to$12$residues$ to$produce$a$hydrolysis$
event$ (Hubbard$ et# al.,$ 1994),$ allowing$ to$ discriminate$ between$ loops$ and$
disordered$ regions$ from$ properly$ folded$ domains,$ where$ protease$ action$ is$ not$
possible.$This$approach$implies$that$the$proteolysis$of$a$protein$is$dictated$by$the$
stereochemistry$ and$ flexibility$ of$ the$ protein$ substrate$ (Fontana$ et# al.,$ 2004).$
According$ to$ this,$ the$ most$ suitable$ proteases$ are$ those$ that$ display$ broad$






digested$ with$ increasing$ amounts$ of$ proteinase$ K,$ resolving$ the$ proteolytic$
products$by$SDSIPAGE$(figure$5b).$At$30$and$60$minutes$of$1:500$Ixr1:proteinase$K$
ratios,$ most$ of$ the$ high$ molecular$ weight$ bands$ were$ depleted,$ showing$ high$
proteolysis$ rates$ that$ indicates$ large$ extended$ regions$ of$ the$ protein$ (figure$ 5a,$
lanes$ 9$ and$ 10).$ At$ the$ highest$ proteinase$ K$ digestions$ times$ employed,$ three$
prominent$ protease$ resistant$ bands$ were$ observed$ with$ apparent$ sizes$ of$ 25.6,$
23.9$and$15.6$kDa$(figure$5a,$ lanes$6$and$10).$These$proteinase$K$resistant$bands$
were$excised$from$the$gel$and$subjected$to$peptide$mass$fingerprint$to$identify$to$
which$ regions$ correspond$ along$ the$ polypeptide$ chain$ of$ Ixr1$ protein.$ Resistant$
peptides$were$identified$within$the$positions$that$correspond$with$HMGIbox$DNA$
binding$domains$of$the$Ixr1$protein$(figure$5b).$$
By$ sequence$ homology,$ these$ domains$ are$ predicted$ to$ adopt$
characteristic$ LIshaped$ fold,$ containing$ three$ αIhelices$ with$ an$ angle$ of$ ≈80o$








Figure% 5.$ (a)$ TimeIcourse$ analysis$ by$ SDSIPAGE$ (12%$ acrylamide$ gel)$ of$ the$ peptic$ digestion$ of$ fullI
length$Ixr1$protein$by$two$different$proteinase$K$concentrations$(1:1000$and$1:500$(w/w);$see$materials$
and$methods).$Size$ standards$were$ loaded$ in$ lane$1.$A$ red$asterisk$ indicates$digestion$bands$ rescued$
and$ analysed$ by$MALDITOF$ fingerprint.$ (b)$ Sequence$ scheme$ of$ Ixr1$ protein$ (Uniprot$ code$ P33417)$
defining$globular$and$extended$regions$based$on$peptides$identified$by$MALDITOF$fingerprint.$Asterisks$
indicate$possible$cutting$sites$for$proteinase$K$(obtained$from$Protparam$server).$Amino$acids$identified$







Transcription$ factors$ (TFs)$ regulate$ the$ activation$ or$ repression$ of$
transcription,$ coupled$ with$ the$ recruitment$ and$ assembly$ of$ the$ transcription$
machinery,$ via$ the$ recognition$ of$ specific$DNA$ sequences.$ This$ implies$ that$ both$
proteinIDNA$and$proteinIprotein$recognition$play$key$roles$ in$transcription$factor$
function$(Ward$et#al.,$2004).$Their$intrinsic$plasticity$enables$IDRs$to$recognize$and$
bind$ many$ biological$ targets$ with$ high$ specificity$ and$ low$ affinity$ (Dyson$ et# al.,$
2002;$Dyson$et#al.,$2005),$which$altogether$with$their$rapid$turnover$and$reduced$
lifetime$ in$ the$ cell,$ make$ IDPs$ crucial$ in$ regulatory$ mechanism$ (Fink,$ 2005).$
Examples$such$as$p53,$GCN4,$CBP,$BRCA1$or$HMGA$proteins$strongly$support$this$
concept$(Dunker$et#al.,$2001;$Dunker$et#al.,$2005;$Uversky$et#al.,$2007).$$
In$ this$ sense,$ accumulated$ experimental$ evidence$ indicates$ that$ many$
transIactivating$ domains,$ which$ are$ flanking$ the$ DNA$ binding$ domains,$ have$ a$
significantly$higher$degree$of$disorder$than$the$rest$of$the$protein$(Liu$et#al.,$2006).$
To$check$the$possible$activator$ function$of$the$ IDRs$found$ in$the$ Ixr1$protein,$we$
measured$ the$ transcriptional$ activation$ strength$ of$ the$ IDRs$ fused$ to$ the$ DNA$
binding$ domain$ of$ Gal4$ (Hirst$ et# al.,$ 1999)$ using$ three$ different$ reporter$ genes$
(HIS3,# ADE2$ and$ lacZ)$ whose$ promoters$ had$ been$ modified$ to$ be$ regulated$ by$
Gal4.$Screening$of$protein$fragments$fused$to$the$DNA$binding$domain$of$Gal4$has$
been$ used$ before$ to$ identify$ both$ prokaryotic$ and$ eukaryotic$ transcriptional$
activators$ based$ on$ a$ yeast$ system$ (Ruden$ et# al.$ 1991;$ Sadowski$ et# al.,$ 1992;$
Gstaiger$&$Schaffner,$1994:$Escher$&$Schaffner,$1996).$$
PJ69I4a$ cells$ (James$ et# al.,$ 1996)$ transformed$ with$ pGBDI
C2_IXR1_complete$ construction$ (containing$ the$ Ixr1$ protein$ fused$ to$ the$ DNA$
binding$domain$of$Gal4$(Gal4BD))$were$selected$in$CMIHisILeu$and$in$CMIHisIAde$
plates.$Figure$6a$shows$that$cells$expressing$Ixr1IGal4BD$chimera$are$able$to$grow$




assays$ were$ then$ performed$ to$ measure$ indirectly$ the$ level$ of$ transcriptional$
activation$ activity$ of$ Ixr1$ (see$ Materials$ and$ methods),$ showing$ LacZ$ gene$
expression$only$when$Gal4BD$are$fused$to$Ixr1$(figure$6b).$
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Activation$ domains$ vary$ greatly$ in$ their$ sequence$ and$ consequently$ are$
difficult$ to$ predict$ studying$ homologies.$ Therefore,$ it$ remains$ an$ important$
challenge$ to$ map$ more$ precisely$ these$ domains$ in$ the$ large$ IDR$ here$ found$ as$
important$ for$ transcriptional$ activation$ mediated$ by$ Ixr1.$ An$ interactionIprone$
short$segment$of$IDR$that$becomes$ordered$upon$specific$binding$was$described$as$
‘molecular$ recognition$ element’$ or$ “MoRE”$ (Oldfield,$ 2002;$ Bourhis$ et# al.$ 2004;$
Dunker$ et# al.,$ 2005).$ There$ are$ three$ basic$ types$ of$MoREs:$ those$ that$ form$ αI
helical$ structures,$ those$ that$ form$ βIstrands$ (the$ protein$ partner$ has$ to$ provide$




upon$ binding.$ The$ names$ of$ αIMoRE,$ βIMoRE$ and$ IIMoRE$ respectively,$ were$
proposed$ (Uversky$ et# al.,$ 2005).$ As$ noted$ in$ figure$ 2b,$ PONDR$ VLIXT$ often$
identifies$ regions$ as$ short$ downward$ spikes$ flanked$ by$ regions$ predicted$ to$ be$
disordered$ (Garner$ et# al.,$ 1999).$ Two$ different$ algorithms,$MoRFPred$ (Disfani$ et#
al.,$2012)$and$ANCHOR$(Mészáros$et#al.,$2009;$Dosztányi$et#al.,$2009),$were$used$to$
find$disordered$regions$of$the$Ixr1$protein$that$can$bind$to$specific$protein$or$DNA$
partners,$ and$ potentially$ undergo$ the$ disorderItoIorder$ transitions$ as$ a$ result$ of$




The$ presence$ of$ conformational$ flexible$ regions$ of$ IDPs,$ highly$ enriched$
for$uncharged$polar$ residues,$can$ lead$ to$ the$selfIassembly$ into$amyloids,$one$of$
the$ most$ highly$ ordered$ structures$ in$ biology.$ To$ assess$ the$ amyloidogenic$
properties$ of$ the$ Ixr1$ protein,$ four$ different$ constructs$ were$ designed,$
corresponding$ to$ different$ regions$ of$ fullIlength$ Ixr1$ protein$ (PrD1I4,$ figure$ 7a).$
Sup35$prion$domain$(Alberti$et#al.,$2009)$was$purified$as$a$positive$control$assay.$
Different$ PrDs$ cloned$ into$ pETNKIIhis3CILICIAmp$ plasmid$ were$ expressed$ in$
bacteria$ and$ purified$ under$ denaturing$ conditions.$ After$ that,$ dilutions$ into$
physiological$ conditions$ to$ follow$ amyloid$ formation$ as$ a$ function$ of$ time$ were$
done$ in$presence$of$Thioflavin$T$ (ThT),$a$benzathiole$dye$ that$emits$ fluorescence$
upon$amyloid$binding$without$interfere$in$amyloid$assembly$(LeVine$et#al.,$1997).$$
In$ general,$ despite$ differences$ in$ nucleated$ polymerization$ times$ and$
fibrillation$ rates$ among$ Ixr1$ PrDs,$ all$ of$ them$ show$ positive$ amyloidogenic$

















the$ timeIframe$ examined$ (16$ hours),$ did$ not$ reach$ their$ maximum$ at$ final$
maturation$plateau$phase$and$show$large$initial$lag$phases.$$
To$ accelerate$ the$ kinetic$ rates$ of$ aggregation,$ seeds$ of$ each$ PrD$ were$
prepared$and$added$ to$ the$mixture.$PrD1$ (figure$7c)$and$PrD2$ (figure$7d)$of$ Ixr1$
protein$changed$dramatically$their$kinetic$profile,$as$well$as$Sup35$PrD$(figure$7b),$
without$a$lag$phase$and$reaching$the$plateau$phase$very$early.$
Because$ of$ some$ nonIamyloid$ βIsheet$ structures$ can$ alter$ ThT$
fluorescence$ (LeVine$ et# al.,$ 1993),$ additional$ experiments$ were$ done.$ Samples$
from$amyloid$kinetic$assays$were$ treated$with$2%$SDS$ (denaturing$conditions)$or$
0.1%$Tween$20$ (nonIdenaturing$conditions)$and$passed$ through$nonIbinding$300$






taken$ to$ confirm$ the$ fibrillar$ morphology$ of$ the$ protein$ aggregates$ obtained$





Most$ misfolded$ polypeptides$ have$ an$ inherent$ tendency$ to$ form$ selfI
templated$ amyloid$ structures$ (Chiti$&$Dobson,$ 2006).$Outmosting,$ prionIforming$
proteins$ have$ an$ unusual$ conformational$ flexibility$ that$ allows$ access$ to$ the$
Chaper%5$!
!314$




cells,$ the$different$ Ixr1$PrDs$were$cloned$ into$the$pAG426GALIccdBIEGFP$plasmid$
to$ overexpress$ them$ as$ chimeras$ with$ green$ fluorescent$ protein$ (PrDIEGFP),$ as$
well$as$Sup35$prion$domain$as$positive$control$experiment$(Sup35NIEGFP).$YJW509$
[pinI]$and$YJW584$[PIN+]$transformed$cells$were$incubated$in$SRafGal$medium$and$
samples$were$ taken$at$24,$48$and$72$hours,$ since$amyloid$ formation$ is$ time$and$
concentration$ dependent.$ In$ general,$ all$ the$ PrDs$ under$ study$ were$ capable$ to$
form$foci$with$a$punctate$form$and$close$to$the$vacuole$(figure$10).$However,$PrD2$
and$ PrD3$ showed$ higher$ frequencies$ to$ form$ aggregates$ into$ the$ cell.$ A$ striking$





detergentIresistant$ aggregation.$ Aliquots$ from$ ThT$ fluorescence$ experiments$ were$ spotted$ directly$











(Figure# 9# continued)$ the$ entirety$ of$ each$ prion$ domain$ contacts$ those$ of$ the$ next$ and$ previous$
molecules$in$the$filament.$(Jiménez$et#al.,$2002;$Wickner$et#al.,$2005).$Transmission$electron$microscopy$









prion$ proteins,$ cells$ from$ the$ different$ cultures$ and$ incubation$ times$were$ lysed$
and$analyzed$by$semiIdenaturing$detergentIagarose$gel$electrophoresis$(SDDIAGE)$
to$determine$ if$ in#vivo$ Ixr1$PrDs$ formed$aggregates$correspond$to$highly$ordered$
amyloid$fibrils$or$to$amorphous$superstructures.$$
SDDIAGE$allows$the$identification$of$amyloid$SDSIresistant$aggregates$and$
the$ resolution$ in$ a$wide$ sizeIframe,$ ranging$ from$oligomeric$ species$ to$ polymers$
assembled$ from$ hundreds$ of$ individual$ polypeptides$ (Bagriantsev$ et# al.,$ 2006).$
Figure$ 11$ shows$ that$ despite$ the$ differences$ in$ amyloid$ formation$ rates$ and$




PrD1I4IeGFP$ fusions.$ Expression$ of$ the$ proteins$ was$ induced$ for$ 48$ hours.$ eGFP$ alone$ and$ SUP35N$
were$used$ as$ control$ proteins.$ Proteins$were$detected$with$ an$ eGFPIspecific$ antibody$ (see$Materials$
and$methods$section).$%
3.8.3%A%Sup35p3Based%Prion%Assay%Identifies%Phenotypic%Switching%Behavior%
In$ order$ to$ test$ the$ ability$ of$ each$ domain$ to$ form$ prions,$we$ used$ the$




by$ nonsense$ suppression$ of$ the$ade2J1$ allele.$ NonIprion$ade2J1$mutants$ do$ not$
grow$ in$ medium$ deprived$ of$ adenine$ or$ turn$ red$ when$ adenine$ is$ limiting;$ but$
when$these$cells$express$the$prion$[PSI+]$they$can$grow$in$the$absence$of$adenine$
and$ remain$ white$ on$ limiting$ adenine$ (figure$ 12a).$ Sup35p,$ the$ protein$
determining$ [PSI+],$ is$ modular$ and$ consists$ of$ an$ NIterminal$ PrD$ (N),$ a$ highly$
charged$ middle$ domain$ (M)$ and$ a$ CIterminal$ domain$ (C),$ which$ provides$ the$
translation$ termination$ function.$ A$ PrD$ domain$ from$ a$ prion$ might$ be$ fused$ to$
other$ proteins$ conferring$ them$ the$ elements$ of$ inheritance$ (Li$ and$ LindI$ quist,$
2000).$We$ take$ advantage$of$ this$ property$ to$ fusion$ each$PrD$of$ Ixr1$with$ the$C$
terminal$domain$of$Sup35$to$create$PrDJSUP35C#chimeras$(under$the$control$of$the$
constitutive$ADH1#promoter)$and$test$them$for$their$ability$to$suppress$the$ade2J1$
allele$as$previously$assayed$with$other$prions$ (Alberti$et#al.,$2009).$ In$ the$ade2J1$
cells$ transformed$with$ the$chimeras$Ade+$ colonies$are$ rare$but$ could$ result$ from$
either$ DNA$ mutation$ or$ [PSI+]$ formation.$ To$ distinguish$ between$ these$ two$
possibilities$ we$ tested$ the$ effect$ of$ PrDs$ overexpression,$ since$ the$ frequency$ of$
events$ necessary$ for$ [PSI+]$ formation$ is$ dependent$ on$ Sup35$ concentration,$
whereas$ the$ frequency$ of$ chromosomal$mutations$ is$ not.$ Overexpression$ of$ the$
different$ PrDs$ increased$ Ade+$ colony$ formation$ (figure$ 12f),$ suggesting$ that$ the$
Ade+$phenotype$was$a$result$of$a$prion.$Almost$no$Ade+$colonies$were$seen$for$the$
PrDs$expressed$at$lower$levels$(in$SRaf$medium$without$PrD$overexpression).$$
We$ tested$ the$ ability$ of$ the$ Ade+$ colonies$ to$ maintain$ that$ state$ on$
nonselective$ medium$ after$ loss$ of$ the$ overexpression$ plasmid.$ Indeed,$ on$
complete$medium,$ four$PrDJSUP35C#strains$displayed$a$colony$color$change$from$
red$to$white$or$pink$that$was$maintained$over$several$rounds$of$reIstreaking.$
All$ known$ fungal$ prions$ are$ dependent$ on$ chaperones$ to$ induce$ and$
maintain$ a$ prion$ state,$ although$ they$ differ$ in$ the$ chaperon$ nature.$ Generally,$




















(Figure#12#continued)$prion$states.$Prions$create$multiple$ stable$phenotypic$ states$or$ ‘‘strains’’.$ [PSI+]$
strains$differ$ in$ their$ levels$of$nonsense$ suppression,$with$ stronger$ strains$having$ lower$quantities$of$
functional$Sup35$available$to$fulfill$its$role$in$translation$termination,$giving$rise$to$a$whiter$coloration$in$
a$ particular$ genetic$ background$ (top).$ At$ the$ molecular$ level,$ strains$ are$ determined$ by$ amyloid$
conformational$variants$(bottom)$that$arise$during$nucleation$but$then$stably$propagate$themselves.$(c)$
Along$with$ the$ conformational$diversity$ apparent$ in$ the$end$products$of$ amyloid$ formation,$multiple$
conformational$variants$are$also$transiently$populated$during$the$early$stages$of$amyloid$assembly$and$
might$ constitute$ integral$ onIpathway$ species.$ These$ oligomeric$ intermediates$ probably$ have$ limited$
selfItemplating$ capacity,$ but$ nevertheless$ may$ contribute$ to$ the$ weak$ phenotypes$ associated$ with$




during$ the$ ‘‘maturation’’$ phase$ under$ preIsteady$ state$ conditions.$ During$ each$ cell$ division,$ prion$
particles$ are$ distributed$ passively$ and$ asymmetrically$ to$ daughter$ cells.$ Progeny$ that$ inherit$ more$
particles$will$have$faster$total$prion$polymerization$rates$and$correspondingly$stronger$phenotypes,$and$
will$ tend$ to$ accumulate$ more$ prion$ particles,$ which$ will$ in$ turn$ strengthen$ the$ prion$ phenotype$ in$
subsequent$ generations$ (light$ pink$ and$white$ cells).$ Conversely,$ cells$ that$ inherit$ fewer$ particles$will$
have$slower$polymerization$rates$and$weaker$phenotypes$(red$and$pink$prionIcontaining$cells)$and$they$





containing$5$mM$GdmHCl$ to$ check$Hsp104Idepence$of$prion$heritance.$Numbers$ indicate$ (1)$YRS100$
growth$in$SDRaf$medium$and$plated$in$a$YPD$plate,$(2)$YRS100$growth$in$SDRafGal$medium$and$plated$
in$a$YPD$plate;$ (3)$ and$ (4)$ cells$ from$ (1)$and$ (2)$ reIstreaked$ in$YPD$plates$ containing$5$mM$GdmHCl,$
respectively.$
4.3%Discussion%
In$ this$ study$ we$ have$ shown$ that$ Ixr1$ protein$ possesses$ several$
intrinsically$ disordered$ regions$ flanking$ two$ HMGIbox$ domains$ displayed$ in$
tandem.$ Until$ the$ early$ 1990s,$ the$ unique$ accepted$ concept$ of$ protein$ function$
was$ the$wellIknown$ protein$ sequenceIstructureIfunction$ paradigm.$ According$ to$
this$concept,$a$protein$could$only$achieve$its$biological$function$upon$folding$into$









Genes$ encoding$ IDR$ amino$ acid$ sequences$ are$ under$ reduced$ selective$
pressure,$which$ is$manifest$ in$ a$ higher$ sequence$diversity$ compared$ to$ genes$of$
structured$ proteins$ or$ domains$ (Liu$ et# al.,$ 2008).$Whereas$ the$ functionality$ of$ a$
protein$segment$is$often$approached$by$investigating$the$evolutionary$history$of$its$
primary$ sequence$ (Capra$et# al.,$ 2007),$ this$ is$ difficult$with$ IDRs$ because$ of$ their$
generally$ high$ sequence$ diversity$ (Chen$ et# al.,$ 2006).$ There$ are$ several$
bioinformatics$ tools$ that$ help$ in$ detect$ and$ characterize$ IDRs.$ Prediction$
algorithms$of$secondary$structure$in$the$Ixr1$protein$sequence$revealed$that$it$only$




Dunker$ and$ Obradovic$ (Dunker$ &$ Obradovic,$ 2001)$ proposed$ that$
functional$ IDRs$ may$ exist$ in$ two$ different$ structural$ forms:$ molten$ globuleIlike$
(collapsed)$and$random$coilIlike$(extended)$forms,$whereas$Uversky$suggested$the$
existence$ of$ another$ extended$ form,$ the$ preImolten$ globule$ (Uversky,$ 2002),$
distinguishable$ from$ the$ other$ two$ by$ the$ presence$ of$ unstable$ secondary$










that$ it$ dispose$ a$ rodIlike$ structure,$with$ a$ high$ axial$ ratio$ or$ a$ coilIlike$ structure$
such$as$that$of$a$denatured$protein$(McBryant$et#al.,$2006).$Moreover,$farIUV$CD$




vicinity$ of$ 190$ to$ 200$ nm$ and$ values$ close$ to$ zero$ in$ the$ vicinity$ of$ 222$ nm$
(Daughdrill$ et# al.,$ 2005;$ ReceveurIBréchot$ et# al.,$ 2006),$ meanwhile$ its$ HMGIbox$
domains$in$tandem$exhibited$predominately$αIhelical$structure$as$indicated$by$the$
characteristic$minima$at$208$and$222$nm.$In$this$sense,$deconvolution$using$several$
analysis$ programs$ showed$ up$ to$ 69%$ of$ disordered$ contain,$ meanwhile$ αIhelix$
regions$ represent$ lower$ percentage$ (ranging$ 19I26%).$ In$ an$ ordered$ protein$
region,$the$Ramachandran$angles$and$backbone$atoms$of$each$amino$acid$residue$
undergo$ nonisotropic$ smallIamplitude$ motions$ relative$ to$ their$ local$
neighbourhood$and$are$characterized$by$the$equilibrium$positions$defined$by$the$
timeIaveraged$values.$In$contrast,$IDRs$do$not$exhibit$dynamic$ensembles$in$which$
atom$ positions$ and$ backbone$ Ramachandran$ angles$ vary$ significantly$ over$ time$
with$ no$ specific$ equilibrium$ angles.$ In$ this$ sense,$ techniques$ based$ on$
conformational$phase$transitions$upon$temperatureIinduced$unfolding$may$help$to$




scanning$ fluorimetry$ showed$ melting$ temperatures$ very$ close$ to$ those$ of$ their$
HMGIbox$ domains$ in$ tandem.$ Similar$ results$ were$ obtained$ from$ limited$
proteolysis$ with$ proteinase$ K,$ since$ resistant$ peptides$ identified$ by$ MALDITOF$










of$ intrinsic$disorder$ in$eukaryotes$could$be$a$consequence$of$ the$ increased$need$
for$cell$signalling$and$regulation$ in$higher$organisms$(Singler,$1988;$Dunker$et#al.,$
2000;$Liu$&$Rost,$2001;$Dunker$et#al.,$2001;$Iakoucheva$et#al.,$2002;$Vucetic$et#al.,$
2003).$ In$ this$ sense,$ IDPs$ and$ IDRs$ are$ frequently$ involved$ in$ key$ biological$
processes$ such$ as$ cell$ cycle$ control,$ transcriptional$ and$ translational$ regulation,$
signal$ transduction$ and$ membrane$ transport$ (Wright$ &$ Dyson,$ 1999;$ Dyson$ &$
Wright,$ 2002).$ This$ probably$ results$ from$ a$ number$ of$ capabilities$ inherently$
related$ to$ this$ protein$ conformation$ (Uversky$ et# al.,$ 2005;$ Dunker$ et# al.,$ 2007),$
such$as:$i.$high$specificity$with$moderate$affinity;$ii.$binding$diversity$in$which$one$
IDR$folds$differently$to$accommodate$several$partner$binding$interfaces;$iii.$Binding$
targets$and$partners$ shared,$ in$which$various$different$sequences$ fold$differently$
but$ each$ recognize$ a$ common$ binding$ surface;$ iv.$ larger$ interaction$ surfaces$
wrappingIup$ or$ surrounding$ its$ partners;$ v.$ faster$ association$ and$ dissociation$
rates.$We$ have$ shown$ that$ Ixr1$ protein$ possesses$ various$ IDRs$ in$ its$ NIterminal$
side$ with$ transIactivation$ activity$ and$ it$ is$ capable$ to$ exhibit$ disorderItoIorder$
transitions$upon$the$presence$of$the$αIhelix$inducer$agent$TFE.$$




Elements)$ (Oldfield,$ 2002;$ Bourhis$ et# al.$ 2004;$ Dunker$ et# al.,$ 2005).$ MoREs$ are$
tipically$ <10$ amino$ acids$ in$ length$which,$ based$on$ the$presence$of$ a$ few$highly$
conserver,$ specificityIdetermining$ residues,$ they$ are$ recognized$ and/or$modified$
by$ structured$ domains$ of$ their$ interacting$ partners.$ Due$ to$ their$ short$ length,$
MoREs$usually$are$promiscuous$motifs,$producing$weak$and$transient$interactions.$
There$ are$ several$ different$ functional$ outcomes$ of$ MoRE$ motif$ recognition,$
including$ targeting,$ regulated$ degradation,$ or$ postItranslational$ modifications.$ It$
was$ previously$ reported$ that$ Ixr1$ protein$ is$ hyperIphosphorylated$ in$ W1588I4C$




HMGIbox$domain$ (Tsaponina$et#al.,$2011).$Besides,$phosphorylation$ in$S6$ (Soufie$






of$phosphorylation$events$ can$ change$ the$net$ charge$on$an$ IDP$and$ thereby$ the$
binding$ affinity$ or$ the$ kinetics$ of$ interaction$ with$ a$ partner$ (Borg$ et# al.,$ 2007;$
Serber$&$Ferrel,$2007;$Malleshaiah$et#al.,$2010).$Some$of$ the$kinases$reported$to$
be$ implicated$ in$ IDP$phosphorylation$are$related$to$cellIcycle$regulation$or$to$the$
response$ to$certain$ stimuli$or$ cellular$ stress$condition,$ fineItuning$ the$availability$
of$IDPs$in$different$conditions$(Gasponer$et#al.,$2008).$$$
Multiple$mechanisms$during$transcription$and$translation$also$control$the$
availability$ of$ IDPs,$maintaining$most$ disordered$proteins$ and$ their$ transcripts$ in$
relatively$low$levels$and$for$short$periods$of$time$compared$to$structured$proteins.$
In$ this$ sense,$ Ixr1$ protein$ is$ known$ to$ be$ present$ in$ very$ low$ protein$ levels$ in$
normal$ growth$ conditions$ (Ghaemmaghami,$ et# al.$ 2003).$ Several$ studies$ have$
revealed$ that$ shorter$ halfIlife$ of$ disordered$ proteins$ could$ be$ related$ to$ the$
increased$ susceptibility$ of$ IDRs$ to$ the$ ubiquitin$ dependent$ and$ independent$
proteasome$ degradation$ pathways$ (Prakash$ et# al.,$ 2004;$ Asher$ et# al.,$ 2006;$
Tsvetkov$et#al.,$2009;$Schrader$et#al.,$2009;$Babu$et#al.,$2011;$Inobe$et#al.,$2011).$$
In$ this$ study,$we$ also$ show$ that$ the$ Ixr1$ protein$ has$ a$ high$ aggregation$
propensity.$ It$ is$known$that$soluble$proteins$become$thermodynamically$unstable$





concentration.$ In$ particular,$ intrinsically$ disordered$ regions$ with$ Q/NIrich$
sequences$ have$ been$ shown$ to$ have$ poor$ solubility$ in$ water$ and$ a$ high$
aggregation$ tendency$ (Michelitsch$ &$ Weissman,$ 2000),$ in$ which$ the$ collapsed$
state$ is$ maintained$ through$ a$ dynamic$ network$ of$ internal$ hydrogen$ bonds$
involving$backboneIto$backbone$interactions.$
However,$ solubility$ is$ not$ only$ dependent$ on$ the$ protein$ concentration$
but$ also$ strongly$ influenced$ by$ its$ folding$ state.$ Unlike$ globular$ proteins,$ IDP$
cannot$adopt$a$defined$structure$in$the$absence$of$their$ligand,$so$IDP$integrity$is$
maintained$ by$ interaction$ with$ several$ chaperones.$ Chaperones$ of$ the$ Hsp70$
family$ constantly$ monitor$ the$ folding$ state$ of$ proteins$ and$ recognize$ and$ bind$
misfolded$proteins$with$assistance$from$coIchaperones$of$the$Hsp40$family.$Stress$
conditions,$ aging,$ and$ pathological$ conditions$ lead$ to$ an$ increase$ in$ protein$
misfolding$ and$ overwhelming$ the$ chaperone$ machinery$ capacity.$ As$ a$
consequence,$misfolded$proteins$coalesce$into$aggregates.$Frequently,$disorderItoI
order$transitions$of$polypeptides$within$these$misfolded$proteins$are$increased$by$
additional$ intermolecular$ interactions,$ eventually$ leading$ to$ the$ formation$ of$ an$
oligomer$with$ characteristic$ crossIβ$ structure$ also$ known$ as$ amyloids.$ Once$ this$
structure$ is$established,$amyloid$ formation$becomes$selfIsustaining$and$grows$by$
depleting$soluble$conformers$of$the$same$protein.$Many$yeast$prion$proteins$carry$
domains$ of$ low$ sequence$ complexity$ that$ are$ enriched$ for$ glutamines$ and$
asparagines,$ but$ also$ for$ other$ polar$ amino$ acids,$ such$ as$ serines$ and$ glycines$
(Alberti$ et# al.,$ 2009).$ Protein$ domains$ with$ such$ distinctive$ compositions$ are$
referred$ to$ as$ prionIlike.$ Interestingly,$ prionIlike$ sequence$ stretches$ are$ also$
present$ in$ aggregationIprone$ proteins$ are$ associated$ with$ a$ variety$ of$ human$
neurodegenerative$ diseases,$ such$ as$ Alzheimer’s,$ Huntington’s,$ and$ Parkinson’s$
disease.$A$hallmark$of$these$diseases$is$the$presence$of$amyloids$either$in$nuclear$
inclusions,$cytoplasmic$inclusions,$or$extracellular$aggregates$(Forman$et#al.,$2004).$












are$ able$ to$ coalesce$ when$ they$ were$ overexpressed$ in$ SDGalRaf$ medium.$ We$
confirmed$ that$ these$ foci$ aggregates$ formed$ in# vivo$ correspond$ to$ highly$ stable$
structures,$showing$SDS$resistance$by$SDDIPAGE$assay.$$
After$demonstration$ that$ Ixr1$can$ form$amyloids,$ the$ following$step$was$
to$check$whether$effectively$this$protein$could$behave$as$prion,$since$amyloids$are$
the$ most$ common$ selfItemplating$ replicative$ state$ found$ in$ previously$
characterized$prions$ (Glover$et#al.,$1997;$Alberti$et#al.,$2009).$Also$other$ types$of$
selfIpropagating$ protein$ conformations$ have$ been$ also$ related$ to$ prion$
phenomena$ (Wickner$ et# al.,$ 2007;$ Brown$ &$ Lindquist,$ 2009).$ In$ this$ sense,$ the$
PrD1ISUP35C$ chimera$ showed$ partial$ switching$ from$ red$ to$ light$ pink$ in$ YPD$
plates.$ Besides,$ switching$ is$mediated$ by$ Hsp104,$ as$ indicates$ cell$ curation$ after$




It$ is$ frequent$ that$ prionogenic$ proteins$ are$ gene$ products$ that$ control$
gene$expression,$cell$signaling$and$the$response$to$stimuli$such$as$stress$(Alberti$et#
al.,$2009),$in$this$sense$Ixr1$has$been$characterized$as$a$transcriptional$modulator$
that$ control$ gene$expression$ in$ response$ to$hypoxia$and$oxidative$ stress$ (CastroI
Prego$ et$ a.,$ 2010a).$ Besides,$ the$prionogenic$ proteins$ usually$ represent$ strategic$
Ixr1%is%an%intrinsically%disordered%protein%of%%prion3prone%nature%!
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nodes$ in$ the$ yeast$ genetic$ network$ that$ control$ a$ wide$ response.$ For$ instance,$
other$ prionogenic$ proteins$ like$ the$ Swi1$ chromatin$ remodeler,$ regulates$ the$
expression$of$6%$of$the$yeast$genome$(Du$et#al.,$2008);$Cyc8$represses$7%$of$the$
yeast$ genes$ (Green$&$ Johnson,$ 2004)$ and$ other$ prion$ candidates,$ such$ as$ Pub1,$
Ptr69$and$Puf2,$are$RNAIbinding$proteins$that$regulate$the$stability$of$hundreds$of$
mRNAs$ encoding$ functionally$ related$ proteins$ (Hogan$ et# al.,$ 2008).$ As$ shown$ in$
previous$ chapters,$ also$ Ixr1$ would$ fit$ this$ criteria$ since$ its$ deletion$ affect$
significantly$the$yeast$transcriptome$for$a$representative$number$of$genes.$$
The$ prion$ nature$ of$ a$ protein$ can$ allow$ simple$ organisms$ to$ switch$
spontaneously$ between$ distinct$ phenotypic$ states$ (True$ &$ Lindquist,$ 2000).$
Starting$ from$ a$ stable$ intracellular$ population$ of$ nonIprion$ conformers,$ a$ single$
nucleating$event$may$allow$ initial$elongation$ into$a$ fibrillar$species$by$acting$as$a$
template$ for$ the$ conformational$ conversion$ (Serio,$ 2000;$ Tessier$ &$ Lindquist,$
2009).$Lately,$fragmentation$of$the$protein$fiber$into$smaller$propagating$entities,$
will$allow$transmission$of$the$prion$and$the$associated$phenotype$to$daughter$cells$
(Alberti$ et# al.,$ 2009).$ Considering$ that$ the$ change$ in$ protein$ conformation$ also$
causes$ a$ change$ in$ function,$ these$ selfIperpetuating$ prions$ create$ heritable$
phenotypes$ unique$ to$ the$ determinant$ protein$ and$ the$ specific$ host$ cellular$
genetic$background.$Therefore$these$prions$would$create$different$phenotypes$ in$
the$ different$ genetic$ backgrounds$ caused$ by$ preIexisting$ genetic$ polymorphisms$
creating$ variant$ subpopulations$ with$ distinct$ phenotypic$ states$ (Seger$ &$
Brockmann,$ 1987).$ Thus,$ many$ prions$ are$ likely$ to$ create$ strong$ and$ complex$
phenotypes$ in$ populations$ upon$ which$ natural$ selection$ can$ act$ (Shorter$ &$
Lindquist,$2005;$Masel$&$Siegal,$2009).$$
The$variable$ways$in$which$prion$conformers$nucleate$and$propagate,$give$
them$ the$ capacity$ to$ stratify$ protein$ functionality$ into$ several$ semiIstable$ levels,$
which$greatly$ increases$ the$phenotypic$diversity$created$by$prionIdriven$switches$
as$ reported$ both$ for$ mammalian$ and$ yeast$ prions.$ (Halfmann$ et# al.,$ 2009;$
Chaper%5$!
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Pedersen$&$Oltzen,$ 2008;$ Tessier$ &$ Lindquist,$ 2009).$ For$ a$ given$ prion,$multiple$
distinct$yet$related$protein$conformations$can$each$selfIperpetuate$(for$a$detailed$
example$of$the$possible$mechanisms$implied$in$generating$this$diversity$see$Figure$
12b$ reproduced$ from$ Halfmann$ et# al.,$ 2009).$ Usually$ phenotypes$ of$ prion$
formation$are$related$to$suppression$of$the$function$carried$by$the$soluble$protein$
and$stronger$suppression$correlates$with$higher$stability$of$the$prion,$which$in$turn$




molecular$ populations$ upon$ which$ natural$ selection$ could$ operate$ favoring$ a$
certain$number$of$prion$particles.$This$could$result$in$the$clonal$expansion$of$some$
prionIcontaining$cells$ relative$ to$other$cells$and$acting$ to$shift$ the$distribution$of$
phenotypes$within$the$continuum.$$
In$ particular,$ stressIinduced$ formation$ of$ prions$ and$ their$ iterative$
maturation$ offers$ a$ rapid$ route$ to$ tunable,$ advantageous$ phenotypes$ for$
adaptation$ to$ the$ new$ conditions.$ In$ this$ regard$ it$ is$ a$ future$ challenge$ to$
understand$the$advantages$for$cell$survival$that$may$derive$from$Ixr1$prionization.$
As$ seen$ in$ previous$ chapters$ of$ this$ PhD$Thesis$ and$ as$ already$ reported$ (CastroI
Prego$et#al.,$2010a;$CastroIPrego$et#al.2010b;$Vizoso$Vázquez$et#al.,$2012))$ Ixr1$is$




elevated$intracellular$ levels$of$ Ixr1$ induce$a$necrosis$cellIdeath$response$(Chen$et#
al.,$ 2013)$ and$we$have$also$experienced,$ along$ the$processes$of$ Ixr1$purification$
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yeast! hypoxic! response! to! adapt! the! use! and! production! of! cellular!
energy! to! oxygen! disposal.! !In! this! sense,! Ixr1! regulates! the! transcript!
levels!of!a!number!of!genes!related!to!oxidative!stress!response,!cell=wall!
composition,! cellular=energetics,! the! metabolism! of! sulphur! and!
branched=chain!(BC)!amino!acids!and!DNA!synthesis.!
2. Ixr1! has! switching! regulatory! capabilities,! which! are! dependent! on!
oxygen!availability,!and!activates!or!represses!the!same!target!genes.!The!
genes! from! pathways! of! sulphate! assimilation! and! branched=chain! (BC)!
amino!acids!illustrate!this!mechanism!of!regulation!mediated!by!Ixr1.!
3. ChIP=on=chip! analysis! of! Ixr1! binding! sites! both! during! normoxia! and!
hypoxia!reveal!low!enrichment!in!promoter!regions,!ranging!from!50%!to!
60%!of!the!total!significant!binding!sites.!
4. Ixr1! and!Rox1! share! common! target! promoter! sequences! both! through!
the!ATTGTT!core!defined!for!HMG!box!binding!or!through!the!redefined!
consensus!AAG[G/C]GG.!
5. Regulation! of! transcription! by! Ixr1! is! mainly! attributable! to! indirect!
mechanisms,! instead! of! direct! binding! to! regulated! promoters,! as!
deduced! from! the! low! overlap! obtained! between! transcriptome! and!
ChIP=on=chip!data.!
6. Genome=wide!transcriptional!analyses!reveal!that!the!effect!of!Ixr1!in!the!
resistance! to! cisplatin! is! attributable!mainly! to! the! lower! impact! of! the!
drug! treatment! in! the! ribosome! biosynthetic! pathway! in! Δixr1% null!
mutants,!as!well!as!to!an!enhancement!of!sulfur!metabolism.!
7. Ixr1!function!in!the!response!to!cisplatin!treatment!is!regulatory!and!not!
an! adduct=masking! effect,! as! reveals! the! binding! enrichment! of! Ixr1!
Concluding*remarks!!
!344!
binding! to! promoter! regions! (from!46%! to! 69%)! in! the! presence! of! the!
drug.!
8. We! have! biochemically! and! thermodynamically! characterized! the!
individual!HMG=box!domains!of!Ixr1.!Main!conclusions!are!as!follows:!
a. HMG=box!B!shows!lower!stability!than!HMG=box!A.!
b. HMG=box! A! shows! one! order! of! magnitude! higher! binding!
affinities! for! DNA! than! HMG=box! B,! producing! also! higher!
bending!angles.!
c. Both! HMG=box! domains! bind! to! linear! DNA! in! a! non=sequence!
specific!entropy=driven!manner,!sharing!large!entropy!values.!
d. The! two! HMG=box! domains! present! different! thermodynamic!
signatures! in! the! binding! to! cisplatin=modified! DNA,! indicating!
differences!in!the!binding!mode.!
9. The!two!in!tandem!HMG=box!domains!of!Ixr1!bind!to!DNA!with!a!positive!





disorder! regions,! flanking! the! HMG=box! region! and! with! α=helix!
propensity.!
11. Ixr1! has! a! high! aggregation! propensity! and! is! able! to! form! amyloids! in%















Las! proteínas! HMG! son! proteínas! nucleares! no! histonas! que! se! asocian!
con!cromatina!y!que! tienen!un!comportamiento!altamente!dinámico!entre! todos!
sus! sitios! potenciales! de! unión.! El! dominio! HMG?box! está! compuesto! por! 65?85!
aminoácidos!y!se!caracteriza!por!presentar!un!plegamiento!en!forma!de!“L”!en! la!
que!tres!hélices!alfa!que!forman!un!ángulo!de!aproximadamente!80o!entre!los!dos!









dispuestos! en! tándem.! Una! segunda! clase! de! proteínas! que! contienen! dominios!
HMG?box! son! aquellas! que! se! unen! al! ADN! por! especificidad! de! secuencia!
(Sequence# Specificity,! SS)! y! normalmente! contienen! un! único! dominio.!
Frecuentemente! actúan! como! factores! transcripcionales,! solo! se! expresan! en!
determinados! tipos! celulares! y! contienen! otros! dominios! reguladores! asociados.!
Los! elementos! determinantes! en! la! especificidad! de! secuencia! al! ADN! recaen!
fundamentalmente!en!el!brazo! largo!del!dominio!HMG?box! (Štros!et#al.,!2010).!A!
pesar! de! estas! diferencias,! ambas! subfamilias! de! proteínas!HMG! son! capaces! de!
unirse!con!elevada!afinidad!al!ADN!lineal!a!través!del!surco!menor,!produciendo!un!






el! ADN! se! producen! a! través! del! surco! menor,! también! se! producen! algunos!
contactos!adicionales!por!la!inserción!de!la!cola!amino?terminal!del!dominio!en!el!
surco! mayor,! estabilizando! el! complejo! (Štros,! 1998;! Travers,! 2000;! Thomas! &!
Travers,!2001).! La! interfaz!o! superficie!de!contacto!DNA?proteína! se!compone!de!
numerosas! interacciones! electrostáticas,! puentes! de! hidrogeno! y! contactos! Van#
der#Waals,!además!de!contactos!mediados!por!moléculas!de!agua.!Como!resultado!
de!estas! interacciones,! el!ADN! se!dobla! y!ensancha,! ampliando!el! surco!menor! y!
comprimiendo!el!surco!mayor.!
Saccharomyces# cerevisiae! posee! 7! genes! que! expresan! proteínas! HMG:!
ABF2,!HMO1,!NHP6A,!NHP6B,!NHP10,! IXR1!y!ROX1# (Bustin,!2001).!Cinco!de!estos!
genes!presentan!un!único!dominio!HMG?box,!mientras!que!Abf2!e!Ixr1!poseen!dos!
motivos!HMG?box!en! tándem.!Entre! las!proteínas!HMG!de! levaduras,! la!proteína!
Ixr1! es! la! menos! conocida,! tanto! en! sus! características! funcionales! como!
estructurales.!El!gen! IXR1!de!S.# cerevisiae! codifica!para!una!proteína!de!67.2!kDa!
que! contiene! 3! regiones! poliglutamina! y! dos! dominios! HMG?box! (High# Mobility#
Group,!HMG)!con!capacidad!de!unión!a!DNA! (Lambert!et#al.,! 1994).!El!modelado!
por! homología! de! los! dos! dominios! HMG?box! presentes! en! Ixr1! basados! en! las!
estructuras!determinadas! experimentalmente!de! las! proteínas! SRY!de!mamíferos!
(Werner,! 1995)! y! HMGB1! de! humanos! (Read,! 1993;!Weir,! 1993;!Hardman,!
1995;!Stott,! 2006)! sugiere! que! la! unión! puede! ser! no! específica! de! secuencia! a!
través! del! dominio! HMG?box! A! y! específica! de! secuencia! a! través! del! dominio!
HMG?box! B! ! de! Ixr1! (Castro?Prego! et# al.,! 2010a),! sin! embargo! esta! hipótesis! no!
había!sido!verificada!experimentalmente.!
La! primera! referencia! sobre! la! participación! de! Ixr1! en! la! respuesta! a!
hipoxia! en! levaduras! se! produjo! hace! más! de! 20! años,! cuando! Lambert! y!
colaboradores! publicaron! que! Ixr1! causa! represión! aerobia! del! gen! COX5B,! que!
codifica!para!la!isoforma!hipóxica!de!la!subunidad!Vb!de!la!citocromo!oxidasa!c!del!





en! serina?alanina! (Bourdineaud! et# al.,! 2000)! y! HEM13,! que! codifica! la! enzima!
coproporfirinógeno! III! oxidasa! en! la! ruta! de! biosíntesis! del! grupo! hemo! (Castro?
Prego! et# al.,! 2010b).! Se! conoce! muy! poco! sobre! la! interacción! de! Ixr1! con! los!
promotores! de! los! genes! diana.! Algunos! datos! indican! la! posibilidad! de! un!
mecanismo!de!competición!o!uso!alternativo!de!Rox1!e!Ixr1!por!la!unión!al!mismo!
















cerevisiae! con! mutaciones! en! los! genes! RAD2,! RAD4! y! RAD14# que! están!
relacionados! con! los! mecanismos! de! reparación! de! DNA(McA´Nulty! &! Lippard,!
1996).!Más!recientemente,!se!ha!observado!que!mutaciones!en! Ixr1!aumentan! la!









Las! regiones! poli?glutamina! presentes! en! lxr1! le! confieren! unas!
características! físico?químicas! y! estructurales! muy! peculiares,! que! se! ponen! de!
manifiesto! por! su! elevada! tendencia! a! la! agregación! durante! el! proceso! de!
purificación.!La!agregación!de!proteínas!es!un!proceso!complejo!y!multicausal!que!
se!puede!producir!por!ejemplo!ante!diversas!condiciones!de!estrés!que!afectan!a!la!
expresión! proteica! o! plegamiento.! También! puede! producirse! agregación! como!
consecuencia! de!mutaciones! que! producen! variantes! proteicas! o! por! las! propias!
características! de! las! proteínas! de! naturaleza! intrínsecamente! desordenada.! Los!
fragmentos! proteicos! generados! por! proteólisis,! e! incapaces! de! plegarse!
correctamente! en! ausencia! de! la! parte! que! falta! de! la! cadena! poli?peptídica,!
también! son! vulnerables! de! sufrir! agregación.! Las! formas! agregadas! de! las!
proteínas!son,!por!norma!general,!amorfas!a!nivel!ultra?estructural.!Sin!embargo,!
en! algunos! casos! estos! agregados! son! capaces! de! reorganizarse! y! formar! fibras!
amiloideas.!Esta!fibras!son!agregados!proteicos!empaquetados!en!conformaciones!
altamente!ordenadas.!Una!de! las!estructuras!caracterizadas!más! frecuente!en! las!
fibras!amiloideas!presenta!un!patrón!único,! ‘crossSβ,’!estabilizado!por!puentes!de!
hidrógeno!y!en!el!que!las!hebras!β!están!orientadas!perpendicularmente!al!eje!de!
las! fibra,! proporcionándole! gran! estabilidad! (Aguzzi! et# al.,! 2014).! Estas! fibras!
amiloideas! pueden! adoptar! varias!morfologías! de! protofilamentos! trenzados! con!
diferente!radio!y!rigidez!(Glover!et#al.,!1997;!Diaz?Avalos!et#al.,!2005).!!







soluble! como! en! conformación! amiloidea,! propagándose! de! manera! estable! y!
confiriendo! características! fenotípicas! únicas! (Liebman! &! Chernoff,! 2012).! Las!
priones!de!levaduras!se!han!utilizado!frecuentemente!en!estos!estudios,!ya!que!no!
son!promiscuos!y!son!fáciles!para!manejar!in#vitro#usando!proteínas!recombinantes!
y! tiempos! de! incubación! cortos.! Además! estos! estudios! llevados! a! cabo! en!
levaduras!han! resuelto! varias! cuestiones! relativas! a! la! formación!de!priones! y! su!
crecimiento,!la!infectividad!de!las!fibras!amiloideas,!y!la!relación!entre!la!estructura!
amiloidea! y! la! cepa! priónica.! Cuando! las! células! de! levadura! experimentan! un!
estímulo! de! estrés! que! compromete! la! homeostasis! celular! y! a! la!maquinaria! de!
plegamiento! de! la! proteína,! la! frecuencia! con! la! que! los! priones! aparecen! y!
desaparecen! aumenta! bruscamente! (Tyedmers! et# al.,! 2008).! La! formación! de!
priones! y! su! propagación! se! ve! favorecida! por! su! estabilidad,! su! mecanismo! de!
ensamblaje! por! polimerización! a! partir! de! procesos! de! nucleación,! y! la! elevada!
especificidad!de!unión!de!las!nuevas!cadenas!proteicas!al!molde!en!crecimiento.!
2.1(OBJETIVOS(Y(METODOLOGÍA(
Los! objetivos! principales! de! esta! tesis! consisten! en! el! estudio! de! la!
proteína! Ixr1!de!S.# cerevisiae,! tanto!desde!el!punto!de!vista!de! su! función,! como!
regulador!transcripcional!en!la!respuesta!a!hipoxia!y!al!tratamiento!con!cisplatino,!
como!de!las!características!bioquímicas!!y!estructurales!de!la!proteína.!!
Para! ello,! en! primer! lugar,! se! hicieron! estudios! de! transcriptómica! y!
ensayos!de!ChIP?on?chip!a!escala!genómica!para!identificar!promotores!regulados!






mediante!arrays! para! caracterizar! el! papel! de! Ixr1! en! la! respuesta! a! cisplatino,! y!
averiguar! si! existe!una! implicación!directa!de!Swi6!en!esta! respuesta.! Swi6!es!un!
cofactor!de! gran! importancia! en! la! regulación!del! ciclo! celular! y! de! la! traducción!
proteíca! (Verma!et#al.,!1992;!Koch!et#al.,!1995;!Sidorova!et#al.,!1997;!Costanzo!et#
al.,!2003;!Stillman,!2013).!!
La! determinación! de! la! estructura! de! Ixr1! es! interesante,! puesto! que! la!
organización!en!tandem!de!sus!dos!dominios!HMG?box!no!se!parece!a! la!descrita!
en! otras! proteínas! HMGB,! cuyas! estructuras! han! sido! determinadas!
experimentalmente,!ya!que!la!secuencia!linker!que!separa!ambos!dominios!en!Ixr1!
está! formada!por! tan!sólo! tres!aminoácidos.!Además,!como!ya!se!ha!comentado,!
Ixr1!posee!tres!regiones!ricas!en!glutamina!que!no!presenta!ninguna!otra!proteína!
HMGB! de! S.# cerevisiae.! En! este! trabajo,! se! ha! caracterizado,! desde! un! punto! de!
vista! bioquímico! y! termodinámico,! la! unión! de! los! dominios! HMG?box! de! Ixr1! a!
distintos! tipos! de! ADN.! Se! seleccionaron! a! este! efecto! las! regiones! consenso!
previamente!identificadas!por!binding!in#vitro!e!in#vivo!en!los!promotores!de!ROX1!
y!HEM13! ! (Castro?Prego!et#al.,! 2010a;!Castro?Prego!et#al.,! 2010b)!así! como!otros!
ADN! lineales!que!no!contienen!el!consenso!definido.!También!se!analizó! la!unión!
de! Ixr1! a! ADN! platinado,! que! contiene! aductos! como! los! que! se! forman! tras! el!
tratamiento! in#vivo! con!cisplatino!y!a!ADN!cruciforme;!este!último! importante!en!
procesos! de! recombinación! (Taudte! et# al.,! 2001).! Las! características! de! ambos!
dominios! HMG?box! de! Ixr1! han! sido! determinadas! por! dicroísmo! circular! (CD)! y!
resonancia!magnética!nuclear!(NMR).!Las!uniones!de!cada!HMG?box!a!los!distintos!
ADN! diana! han! sido! analizadas! por! ensayos! de! retardo! en! gel! (EMSA)! y!
fluorescencia! polarizada! (FP),! mientras! que! las! constantes! termodinámicas! de! la!
unión! han! sido! calculadas! por! técnicas! como! calorimetría! isotérmica! (ITC)! o!
fluorescencia!polarizada!(FP).!





ventajosa! puesto! que! permitía! las!modificaciones! post?traduccionales,! ofrecía! un!
bajo! rendimiento! debido! al! carácter! tóxico! de! la! proteína! al! sobre?expresarla.! La!
producción! en! bacterias! fue! mucho! mayor! pero,! como! consecuencia! la! peculiar!
secuencia! y! composición! aminoacídica! de! Ixr1,! los! cristales! generados! eran!
desordenados,! con!morfología! amorfa! y! no! generaban!patrones! de! difracción! de!
rayos! X! interpretables.! Nos! centramos! consecuentemente! en! otros! aspectos!
estructurales! abordables! sin! necesidad! de! obtener! cristales! que! difractasen.!
Estudiamos! experimentalmente! el! estado! oligomérico,! abordamos! la!
caracterización! de! regiones! ordenadas! y! desordenadas,! de! las! regiones! ricas! en!
glutamina!y!la!tendencia!a!formar!amiloides.!Para!ello!utilizamos!un!amplio!abanico!
de! técnicas! como! la! cromatografía! de! exclusión! molecular,! ultracentrifugación!
analítica,! electroforesis! de! geles! nativos! monodimensionales,! dicroísmo! circular,!





la! pared! celular,! energética! celular,! metabolismo! del! azufre,! biosíntesis! de!
aminoácidos! de! cadena! ramificada! y! síntesis! de! ADN! de! forma! altamente!
dependiente! de! la! disponibilidad! de! oxígeno.! Curiosamente,! al! comparar! la!
expresión!en!normoxia!o!hipoxia,!algunos!grupos!de!genes!están!regulados!por!Ixr1!
de! manera! opuesta.! En! definitiva,! la! regulación! mediada! por! Ixr1! contribuye! a!
adaptar!el!uso!y!la!producción!de!energía!celular!a!la!disponibilidad!de!oxígeno.!!
Análisis! in# silico! de! los! genes! regulados! por! Ixr1! en! normoxia! e! hipoxia!
descritos!en!esta!tesis!revela!que!Ixr1!puede!unirse!a!secuencias!que!contienen!el!
core! de! unión! de! Rox1!ATTGTT! y! también! a! otra! caracterizada! en! este! trabajo:!
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AAG[G/C]GG.! Los! resultados! obtenidos! a! partir! de! los! ensayos! de! ChIP?on?chip,!
analizando! los! sitios! de!unión!de! Ixr1! al! genoma!de!S.# cerevisiae,!mostraron!que!
sólo! entre! el! 12%! y! el! 18%! de! los! genes! que! presentan! la! secuencias!ATTGTT! o!
AAG[G/C]GG!en!sus!promotores!son!regulados!potencialmente!por!unión!directa!y!
estable! de! Ixr1.! Esto! indica! que! los! efectos! indirectos! o! transitorios! basados!
modelos! tipo! “hit# and# run”! son! también! importantes! en! la! regulación!
transcripcional! mediada! por! IXR1.! También! demuestran! el! bajo! grado! de!
especificidad!de!los!dominios!HMG?box!a!la!hora!de!reconocer!secuencias!de!ADN!
específicas.! Incluso!entre! las! interacciones!estables!detectadas!en! los!promotores!
en! normoxia! o! hipoxia,! sólo! una! pequeña! fracción! de! entre! 20?30%! puede!




mutantes!Δixr1! se!debe!principalmente!a!una!reducción!en! la!disminución!que! la!
droga!produce!sobre! la!vía!de!síntesis!de!ribosomas.!Además,! la!deleción!de! IXR1!
produce! un! incremento! de! la! transcripción! de! genes! relacionados! con! el!
metabolismo! de! compuestos! de! azufre,! que! puede! contribuir! a! aumentar! la!
disponibilidad!de!grupos!quelantes!que! inmovilizan!el!compuesto!platinado!y!que!
podría!incrementar!la!síntesis!de!glutatión!para!favorecer!reacciones!anti?oxidantes!
o! para! la! expulsión! del! cisplatino! fuera! de! la! célula! a! través! de! la! formación! de!
complejos!de!cisplatino?glutatión.!Esto,!junto!con!el!enriquecimiento!observado!en!
la!unión!de!Ixr1!a!regiones!promotoras!después!del!tratamiento!con!cisplatino!(del!
46.3%! al! 69.1%),! permite! concluir! que! el!mecanismo! por! el! que! Ixr1!modifica! la!






en! su! disposición! nativa! en! tándem! como! cada! uno! por! separado.! Los! análisis!
mediante! dicroísmo! circular! y! resonancia! magnética! nuclear! demostraron! una!
mayor! estabilidad! del! dominio!HMG?box! A! con! respecto! al! dominio!HMG?box! B.!
Los!análisis!de!propiedades!termodinámicas!y!de!afinidad!llevados!a!cabo!mediante!
fluorescencia! polarizada,! ensayos! de! retardo! en! gel! y! calorimétricos! utilizando!
distintos!tipos!de!ADN!mostraron!que,!en!términos!generales,!el!dominio!HMG?box!
A! tiene! una! mayor! afinidad! que! el! dominio! HMG?box! B,! produciendo! también!
mayores!ángulos!de!doblamiento!en!el!ADN.!Un!aspecto!interesante!observado!es!
la! diferenciación! en! los! signos! de! entalpia! que! muestran! ambos! dominios! en!
función!de!los!tipos!de!ADN!a!que!se!unen.!El!dominio!HMG?box!A!muestra!valores!
de! entalpia! muy! positivos! en! su! unión! a! ADN?B?lineal! que! contiene! secuencias!
específicas!presentes!en!regiones!promotoras!reguladas!por! la!proteína;!mientras!
que! la! unión! a! ADN! platinado! o! ADN! cruciforme! es! termodinámicamente! más!
favorable!desde!el!punto!de!vista!de!los!valores!de!entalpía.!Sin!embargo,!el!signo!
de!los!valores!de!entalpía!no!varía!en!el!caso!del!dominio!HMG?box!B!en!su!unión!a!





Finalmente,! se! clonó,! expresó! y! purificó! toda! la! secuencia! aminoacídica!
que! compone! Ixr1! en! bacterias! con! rendimiento! suficiente! para! su! estudio!
bioquímico! y! estructural.! Ixr1! mostró! una! estructura! caracterizada! por! extensas!
regiones! ricas! en! glutamina! desestructuradas! dispuestas! a! ambos! lados! de! los!
dominios! HMG?box! en! tándem! que! sí! poseen! una! estructura! globular! definida.!











cinéticas! monitorizadas! con! un! fluoróforo.! La! formación! de! fibras! se! visualizó!
mediante! microscopía! electrónica! de! transmisión! y! también! en! ensayos! in# vivo,!
mediante! la! sobreexpresión! en! S.# cerevisiae! de! distintas! regiones! de! Ixr1!
fusionadas! a! GFP.! Puesto! que! la! fibra! amiloidea! es! uno! de! los! principales!
mecanismos!de!propagación!de!proteínas!priónicas,!en!este! trabajo! se! realizaron!
los!primeros!ensayos!fenotípicos!para!determinar!si!Ixr1!puede!actuar!como!prion,!
una! característica! de! enorme! importancia! y! de! gran! actualidad! tanto! para!
comprender! aspectos! de! la! evolución! y! adaptación! de! las! poblaciones! de!





energía!celular!a! la!disponibilidad!del!oxígeno.! Ixr1!regula! los!niveles!de!
expresión! de! genes! relacionados! con! la! respuesta! a! estrés! oxidativo,! la!
composición! de! la! pared! celular,! el! metabolismo! del! azufre,! los!
aminoácidos!de!cadena!ramificada!y!la!síntesis!de!ADN.!!
2. !Ixr1! tiene! capacidades! reguladoras! conmutables! y! dependientes! de! la!
disponibilidad! de! oxígeno,! activando! o! reprimiendo! los! mismos! genes!
diana.! Los! genes!de! las! vías!metabólicas! de! asimilación!del! azufre! y! los!
aminoácidos!de!cadena!ramificada!ilustran!este!mecanismo.!
3. Los! análisis! ChIP?on?chip! de! los! lugares! de! unión! a! ADN! de! Ixr1! en!
normoxia!e!hipoxia!revelan!un!bajo!enriquecimiento!en!la!unión!estable!a!
regiones! promotoras,! solamente! representando! el! 50?60%! del! total! de!
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través!de! la! secuencia!consenso!AAG[G/C]GG( redefinida!en!el!presente!
trabajo.!
5. La! regulación! transcripcional! mediada! por! Ixr1! es! principalmente!
atribuible! a!mecanismos! de! unión! transitoria! inestable! o! indirectos,! en!
lugar!de!uniones!estables!directas!a! los!promotores!regulados,!como!se!
deduce! del! bajo! solapamiento! obtenido! entre! los! datos! de!
transcriptómica!y!de!ChIP?on?chip.!
6. El!análisis!transcripcional!basado!en!arrays!revela!que!el!efecto!de!Ixr1!en!





cisplatino! es! también! reguladora! y! no! sólo! un! efecto! debido! a! que!
enmascare! lesiones! del! DNA,! como! lo! revela! el! enriquecimiento! de! las!
uniones! de! Ixr1! a! regiones! promotoras! (pasando! del! 46%! al! 69%)!
observado!en!presencia!de!la!droga!
8. Hemos! caracterizado! bioquímica! y! termodinámicamente! los! dominios!
individuales! HMG?box! de! Ixr1.! Las! principales! conclusiones! son! las!
siguientes:!!!
a. El! dominio! HMG?box! B! muestra! una! menor! estabilidad! que! el!
dominio!HMG?box!A.!
b. El!dominio!HMG?box!A!muestra!una!afinidad!de!unión!al!ADN!un!




c. Los! dos! dominios! HMG?box! se! unen! al! ADN! con! una! reducida!
especificidad! de! secuencia! en! un! proceso! conducido!
principalmente! por! fuerzas! entrópicas,! mostrando! valores! de!
entropía!elevados!y!similares.!!
d. Los! dos! dominios! HMG?box! presentan! diferentes! características!
termodinámicas! en! la! unión! a! ADN! modificado! por! cisplatino,!
revelando!diferencias!en!el!modo!de!unión.!!




10. Ixr1! es! una! proteína! intrínsecamente! desordenada! enriquecida! en!
aminoácidos! que! promueven! el! desorden! espacial! (glutamina,! serina! y!
prolina)! y!muestra!3! regiones!a! ambos! lados!de! los!dominios!HMG?box!
que! son! intrínsecamente!desordenadas,! con! tendencia! a! formar!hélices!
alfa.!!
11. Ixr1! tiene! una! alta! tendencia! a! la! agregación! y! es! capaz! de! formar!
estructuras! amiloideas! in# vitro! e! in# vivo.! Además,! muestra! varias!
características! que! abren! la! posibilidad! a! que! Ixr1! pudiera! actuar! como!
un!prión!en!levaduras.!!
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